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Site Selection, Preparation and Installation
of Seismic Stations

Amadej Trnkoczy, Peter Bormann, Winfried Hanka,
L. Gary Holcomb and Robert L. Nigbor

7.1 Factors affecting seismic site quality and siteselection
procedure (A. Trnkoczy)

7.1.1 Introduction

Seismic site selection is not often given the amadrstudy it requires. The capacity of any
new seismic network to detect earthquakes andctrderepresentative event waveforms will
be governed by the signal and noise characterigtids sites, no matter how technologically
advanced and expensive the equipment used. If ger@ise at the sites is too high, many of
the benefits of modern, high dynamic-range equignvah be lost. If the noise contains
excessive spikes or other transients, or if manersglsmic noise is present, high trigger
thresholds will be needed and result in poor netwdmtectability. If a station is situated on
soft ground, very broadband (VBB) or even broadbéB) recording can be useless and
short-period (SP) signals may be unrepresentatieetad local ground effects. If the network
layout is inappropriate, the location of seismiemg will be inaccurate, systematically
biased, or even impossible. A professional siteed®n procedure is therefore essential for
the success of any new seismic station or network.

It is best to begin the process of site selectiprehioosing, generally, two to three times as
many potential sites as will finally be used. Ome then study each one and choose the sites
that meet as many desired criteria as possible.ntneeven model the performance of a few
most-likely network layouts and, by comparing tesults, be able to make an informed
decision about which layout will best record anchlie seismic events.

All parameters relevant to the site selection psecare discussed here and the process is
demonstrated by seeking the best locations for-atation network around a nuclear power
plant. The main goals of this particular projectn@oczy and Ziwié¢, 1992) were to monitor
local seismicity with a high network detectabiléynd the ability to accurately locate local
events. Thus, the placement of short-period seisetens and of surface seismic vaults were
mainly, but not solely, considered.
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7.1.2 Offsite studies

The site selection procedure includes off-site issicand fieldwork. Off-site, or "office"
studies are relatively inexpensive. They shoulcobdormed first. One can study maps and
gather information about the potential sites fraal and regional authorities. Once we have
gathered all this information, it is likely that mapotential sites will be eliminated for one
reason or another. This will minimize future fielok and its associated costs.

A list of parameters usually included in the otesstudy includes:
 geographic region of interest
* seismo-geological conditions

topographic conditions

accessibility

* seismic noise sources in the region

* data transmission and power considerations

* land ownership and future land use issues

* climatic conditions

7.1.2.1 Definition of the geographic region of irest

The first step is defining the goals and the gegolgiaregion of interest taking both socio-
economic and seismic information into accounth# main goal of the new seismic network
is monitoring of the general seismicity in an emtountry, this stage is greatly simplified.
For other projects, one has to examine all the knavajor geologic faults from geological
maps with a view to assess their neotectonic agtand potential, identify seismotectonic
features from seismotectonic maps, if availablel emmpile all available information about
the seismicity in the area. One has also to contpdéorical and instrumentally recorded
events in the broader region from earthquake oggedmd other sources. The results of such a
study are shown in the following figures for anaane Slovenia. Fig. 7.1 shows the broader
region chosen for our example and the main geadbfpailts within it.
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Fig. 7.1 The broader region chosen for the network in Si@vend the main geological
faults in this area (9 - Artice fault, 10 - Brestanfault, 11 - Sava fault, 12 - Podbocje fault,
13 - Brezice fault, 14 - Orehovec fault).
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Fig. 7.2 shows the distribution of earthquake apiees as taken from seismic catalogs while
Fig. 7.3 depicts the isolines of seismic energgasé during the time-span of the catalogs and
the hatched area finally chosen for the detailadyst
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Fig. 7.2 Earthquakes in the wider region under investigaiio Slovenia. The data were
compiled from all available earthquake catalogs.
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Fig. 7.3 Final choice of the area to be studied in détailhe seismic network (hatched area).
Also shown are the isolines of released log-seisemergy during the time-span of the
catalogs (in J/kR).
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7.1.2.2 Seismo-geological considerations

The underground conditions at a station influenoéh the seismic signal and the noise
conditions and thus have a significant bearinghenpgotential sensitivity of a seismic station.
Usually, the higher the acoustic impedance of therdick, the smaller the seismic noise and
the higher the maximum possible gain of a stafidrerefore, for each new seismic network,
one should at least prepare a map showing singl#esmo-geological conditions. One may
then infer a related map in terms of acoustic inapeé or bedrock quality grades with respect
to their suitability for the installation of seistrmiecording sites. Fig. 7.4 shows an example for
the region under study while Tab. 7.1 gives an gtaraf how bedrock “quality” grades may

be classified.
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Fig. 7.4 Subdivision of the region shown in Fig. 7.2 ithoee grades of bedrock quality. The
dots mark the positions of considered station sites

Tab. 7.1 Classification of different types of outcroppingogigical formations in “quality”
categories (according to R. Vidrih, personal comimation 2001). Grade 5 is the best rock

for seismic recordings and grade 1 is the worst.

Grade Type of sediments/rocks S-wave velocity
1 Unconsolidated (Alluvial) sediments (clays, samdsd) <100 - 600 m/s
2 Consolidated clastic sediments (sandstone, madbkjst| 500 — 2100 m/s
3 Less compact carbonatic rocks (limestone, dolnaihd 1800 — 3800 m/s

less compact metamorphic rocks; conglomerates,

breccia, ophiolite

4 Compact metamorphic rocks and carbonatic rocks 2100 — 3800 m/s

5 Magmatic rocks (granites, basalts) ; marble, zitar 2500 - > 4000 m/s

Note: Shear-wave velocities given by engineers @ngoraseys et al., 1996) in relation to the
category “ bedrock” (> 750 m/s) asggnificantly smaller than for competent hard raltle to
near surface weathering (see 7.1.3.3) and thed®nasgion of very short wavelengths only.
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7.1.2.3 Topographical considerations

The topography in the vicinity of a potential shas to be considered. Extremely steep
mountain slopes or deep valleys may unpredictalmlgg anfavorably influence seismic

waveforms and signal amplitudes. In addition, maimtpeaks are usually much more
susceptible to wind-generated seismic noise, lightrstrikes, and perhaps icing of the
communications equipment. Therefore it is wiseuoié such locations, if possible. Sites in
moderately changing topography are preferable.

The topography also has to be considered for rrdopiency (RF) telemetry networks.
Establishing RF links is much simpler if hill-topies are selected, but it is important not to let
this consideration compromise the seismologicako@rations. (See IS 7.2 Using existing
communication tower sites as seismic sites.)

7.1.2.4 Station access considerations

Seismic stations are generally located in remoéasras far as possible away from any
human activity. This can often result in relativalifficult access. Public roads do not (or

should not) reach most good seismic stations arkinvgaa considerable distance, or the use
of off-road vehicles, is more or less inevitableexperience in site-selection often leads to too
much compromise in this respect. One needs to &ndeasonable trade-off between

remoteness and ease of access. Stations whiclo@rgifficult to access are expensive to

establish and maintain. In consequence, they dftéfer from inadequate maintenance and
long repair times.

Road maps and 1:25.000 scale topographic mapsyallaiv an approximate estimate of the
difficulties and time needed to access any potesiias. In mountainous regions both the
distance from the nearest road accessible by ehiudl the elevation difference between the
site and the last point accessible by vehicle mgortant. One should allow between 15 and
30 min of cross-country walking time for each kindstance (25 to 50 min for each mile),
depending on vegetation cover, and between 20 @nchi@ for each 100 m (300 feet) of
height difference. Stations which require more thali an hour of cross-country walking are
rare. However, one has sometimes to accept longéking distances, particularly if RF
telemetry is involved.

Seismic stations are frequently set up at existimegeorological stations. This often happens
in countries which are not experienced in seismomand especially when meteorological
institutions are appointed to maintain seismicalations. Such combination of stations or
network operations are not advisable, since semgual and meteorological site selection
criteria are very different.

7.1.2.5 Evaluation of seismic noise sources

An assessment of man-made and natural seismic soigges in the region from maps is
only the first stage of a proper seismic noise wtudshould always be followed by field
measurements of the noise. Nevertheless, roadadnay traffic, heavy industry, mining and
guarry activities, extensively exploited agricu#bareas, and many other sources of man-
made seismic noise around the potential sitesgalth natural sources like ocean and lake
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shores, rivers or waterfalls can be evaluated gquaitative manner from the maps and by
inquiry of local authorities. Willmore (1979) givesaluable information about the

recommended minimum distances between the site thegse types of noise sources.
Distances are given for three different sensiggtiof a seismic station, two different
geological conditions and both high and low seisgocpling between noise source and
station site. The table is reproduced in IS 7.3@lwith instructions for its use. An example
for its application for the station Loma Palo Benis given in Fig. 7.5. Nearly all the

minimum distance requirements for recordings withaan around 1 Hz of between 50,000
and 150,000 are fulfilled (the distance to the lakere is an exception). Six criteria are not
fulfilled for a gain of 200,000 or more (see shadells).

Note that the above guidelines were designed fo80’89 technology (analog paper

seismographs). They are most applicable for seisigi@al frequencies above 0.1 Hz; i.e., for
the medium- and high-frequency range of seismicadgy Seismic noise at lower frequencies
is mainly influenced by seismo-geological and climaconditions (see 7.1.2.8) at the

recording site and much less by the seismic naseces dealt with in the table.

. i : DATE OF VISIST: g >
STATION SITE NAME: Loma Palo Bonito SITE #7 02/14/1998 G g
COORDINATES: HARD ROCK HARDPAN jZ> P2
N 18°46' 58.4" GRANITE, ETC. HARD CLAY, ETC. rQ.
W 70°13' 20.1" RECOMMENDED MINIMAL DISTANCES
[KM]
A B C A B C [km]
1. Oceans, coastal mountains systems 300 50 1 300 50 1 75
2. Large lakes 150 25 1 150 25 1 22
3. Large dams, waterfalls a 40 10 1 150 25 5 22
b 60 15 5 50 15 10
4. Large oil pipelines a 20 10 5 30 15 5
b 100 30 10 100 30 10
5. Small lakes a 20 10 1 20 10 1 20
b 50 15 1 50 15 1
6. Heavy machinery, reciprocating a 15 3 1 20 5 2 25
machinery b 25 5 2 40 15 3
7. Low waterfalls, rapids of a large a 5 2 0.1 15 5 1
river, intermittent flow over large b 15 3 1 25 8 2 6
dams
8. Railway, frequent operation a 6 3 1 10 5 1 40
b 15 5 1 20 10 1
9. Airport, air traffic 6 3 1 6 3 1
10. Non-reciprocating machinery, a 2 0.5 0.1 10 4 1 25
balanced industrial machinery b 4 1 0.2 15 6 1
11. Busy highway, large farms 1 0.3 0.1 6 1 0.5 2.3
12. Country roads, high buildings 0.3 0.2 0.05 2 1 0.5 2.0
13. Low buildings, high trees and masts 0.1 0.03 0.01 0.1 0.1 0.05 0.03
14. High fences, low trees, high bushes, large | 0.05 0.02 0.005 0.06 0.03 0.01 0.02
rocks
Legend

A Seismic station with a gain of 200,000 or more at 1 Hz

B Seismic station with a gain from 50,000 to 150,000 at 1 Hz

C Seismic station with a gain of approximately 25,000 at 1 Hz

a Source and seismometer on widely different formations or that mountain ranges or valleys intervene

b Source and seismometer on the same formation and with no intervening alluvial valley or mountain
ranges

Fig. 7.5 Minimum recommended noise-source-to-station-sitstadces according to

Willmore (1979) and actual distances for the seisstation Loma Palo Bonito, which is

placed on hard granite rock. Shaded cells indittzde for these criteria the conditions for a
class A site are not fulfilled.
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Nowadays, with the ready availability of seismicomlers with a large dynamic range, it
would be preferable to express the seismometerajasses A — C in terms of the achievable
minimum resolution of ground displacement or velpe@mplitudes above the noise level at
about 1 Hz. These would be approximately < 5 nia 80 nm/s, respectively, for class A and
about 2-4 times and > 8 times larger for classasd®C.

For each potential site in a network, one shoutérd&ine, using maps, the actual distances of
the site from relevant seismic noise sources (&ieme right column) and compare them
with the recommended minimum distances. The sitbgclwsatisfy all or most of the
recommendations are the best. Note, however, tua Iseismic noise sources like trees,
buildings, fences, would require on-site evaluatibms information can be added to the table
later during fieldwork.

Once we have gathered this information for allgb&ential sites in a network, we can draw a
map, similar to that in Fig. 7.6, where all the gdtal sites and minimum recommended
distances from known seismic noise sources are rshde latter is achieved by drawing
circles around point noise sources and bands afopppte width along roads or railways.
This gives a good overview of all the noise souresnce and helps us to see which ones
and how many of them influence a particular potrsismic site.

Fig. 7.6 Map of the seismic network region with all potehstation sites (full dots) and
known seismic noise sources (roads, railway, ¢ititleges, industrial facilities, quarries, etc)
with circles of minimum recommended distances drasound them for the case of gain
25.000 for SP seismic stations at 1 Hz set on blarg hardpan and similar ground, i.e., case
C b (i.e., source and seismometer on same formatidnwith no intervening alluvial valley
or mountain range) according to Willmore (1979).
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7.1.2.6 Seismic data transmission and power consi@tions

For radio-telemetry networks we must consider tmography within the entire network in
order to design the data transmission links. Togolgic maps (1:50.000 or 1:25.000) are best
for this purpose. We look for a topography whiclalges reliable direct radio frequency (RF)
links from the remote stations to the central rdowgy site, or the minimum number of RF
repeaters if topography and/or distance do nowatloect connection. More information is
given in section 7.3.

If telephone lines are used for seismic data trasson, we must first check for line
availability and the distances over which new lingsuld have to be installed. This
information can be obtained from local telephonenpanies. New phone lines are often a
significant proportion of the total cost of siteeparation.

The next question concerns the power supply. Ihsypbwer is not available on site, we need
to calculate the distance over which new powerslim®uld have to be laid and the likely
costs. If this is not possible, or the cost is tpeat, the cost for solar panels has to be
evaluated.

7.1.2.7 Land ownership and future land use

During planning of a new network it is very impartao clarify the ownership of the land
being considered for a station and any plans $ofuiture use. It makes no sense to undertake
extensive studies if one is actually unable to eesgain sites because of property ownership
issues or if it appears that future development midke the site unsuitable for a seismic
station. This information should be gathered fraal (land ownership) and regional (future
land use) public offices and authorities.

If the land is privately owned, one should contidoet owner as soon as possible and make
every effort to agree on a renting or purchasingraat to the satisfaction of both parties. It is

very important to have "friends" rather than "enestiiaround the seismic stations. In many
countries this may be very important for the sdgwf the installed equipment.

7.1.2.8 Climatic considerations

Several climatic parameters can influence seisnitie selection. Regional or national
meteorological surveys can provide this informatibrcan also be found in yearly or longer-
term bulletins, which are published by nearly evegteorological institution. In developing
countries it is sometimes not easy to get compld#@mation. However, we do not need
precise values for these parameters and even restghates can help in site selection and
design of seismic shelters.

The following climatic parameters are important:
* The minimum and maximum temperatures at a sitershe how much thermal
insulation will be needed for the seismic vault amstruments. Temperatures below
zero degrees Celsius may cause icing of antenmeeeidd shielding is often required
in high mountains and polar regions.
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* We need to know the frequency and maximum wineédpat sites. Wind is a major
source of seismic noise, so sites with less wirdpaeferable to sites placed on windy
mountain ridges.

» Solar data is needed to determine the minimumrsigeired for solar panels, if they
are required to provide power. The number of sutays in the worst month and/or
the longest expected uninterrupted cloudy perical year can serve as a measure.

« The frequency and amount of precipitation (totaécppitation per year and
maximum precipitation per hour) will determine @aion measures required to keep
the vaults dry.

* In colder climates, annual snowfall levels deter@ihow accessible a station will be
during the winter, the waterproofing measures neguand — if used — the optimum
installation angle and size for solar panels.

» Protection against lightning is very important ahds significant financial
consequences. One needs to decide on what protedigpment is necessary using
information on the observed frequency of lightniAernatively, one has to calculate
how much lightning damage is likely if protectioreasures are not implemented. The
best method for this is to obtain isokeraunic rsedi, which are related to the
probability of a lightning strike. This data is efr available and it is often easier to
obtain less specific but more generally availabktaurological parameters — such as
the annual number of days with severe thunderstamnise area. Lightning usually
varies enormously from one region to another asd @érries locally, depending on the
topography. Serious consideration of these parameted the knowledge of local
people on these issues are definitely worthwhile.

7.1.3 Field studies

Field studies are the next step in the site seleqtrocess. Expect to make several visits to
each potential site. A seismologist familiar withissnic noise measurements, a seismo-
geologist, and a communications expert (if a teteynmeetwork is considered) should all visit
the sites. You should allow between one and thegs ger site to accomplish the fieldwork.
This assumes that all pertinent maps and informa#ice available in advance and the
logistics are well organized. Much also dependsa @ountry's infrastructure and the size of
the network. If the network will use RF telemetadd an extra 20% to the time for
topographical profiling and RF link calculations.

If site selection is purchased as part of the sessprovided by an equipment manufacturer,
see IS 7.1 for a summary of the information thatusth be provided to them.

In general, experts visiting the sites should:

* verify the ease (in any weather) of access titige

» search for very local man-made seismic noise gsushich might influence the site,
but may not be indicated on maps (see text toFiK);

 perform seismic noise measurements;

study the local seismo-geological conditions;

investigate the local RF data transmission coowlti(if applicable);

* verify availability of power and telephone lines.
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7.1.3.1 Station access verification

Station access should generally be possible thatgthe year. However, a few days of
inaccessibility due to snow or high water per yean normally be tolerated. This can be
checked by talking to local people.

If non-public dirt roads are used to access thes 8ie need to ask about the future of these
roads since roads built and owned by private,tanylj or forest authorities are sometimes
abandoned. If there is no guarantee that such mwaldse maintained in future, it is better to
reposition the seismic site.

7.1.3.2 Local seismic noise sources and seismitseaneasurements

During fieldwork, one should explore the vicinity the potential site for local sources of
seismic noise, usually man-made, which may noteselvable from the available maps. A
single small private "industrial" facility too clesto the site may ruin its seismic noise
performances completely. Local people are the s$imsice of information.

Measuring seismic noise at the site is an importask. Seismic noise varies greatly
depending on the season of the year, weather comslitand innumerable daily occurrences.
Seasonal variability of seismic noise has mainliurs causes and is clearly developed for
periods, T, greater than 2 s. The variation mapadbdarge as 20 dB at the spectral peak for
ocean-storm microseisms close to T = 7 s. In ceptragh-frequency noise is mostly man-
made (traffic, machinery), often with a pronounckarnal variation of the order of 10 to 20
dB. In order to accurately record all these factiris best to take measurements at each site
over a long period of time; long enough to recorumber of earthquakes. These will allow a
comparison of the sites based on signal-to-noi8e, nahich is the main guiding parameter
for the quality of a site.

Sufficiently long measurements are often not pentmt for financial reasons. In such cases,
some measurements are much better than none &haltt-term measurements can not
provide complete information about the noise lewtla site, but they are still very useful to
identify man-made noise sources and to assessaiherbise fluctuations in the important
frequency range for small local and teleseismicnevdi.e. from 0.5 Hz to 20 Hz). It is
important that any short-term measurements (salbahin duration) are carried out during
specific times when maximum and minimum noise ciowls are expected.

To assess the potential influence of long-term nageismic noise variation, we should also
obtain noise data from existing seismic stationgh@aregion. If there are none of these, we
have to set up one or more temporal referenceostatvhich are not moved from site to site.
By comparing noise records taken at the same tirtteeaeference station(s) and the potential
new site locations we can, at least with respethiedong-period natural seismic noise, assess
the representativeness of the noise data sampléuk gbotential sites by scaling it to the
reference site(s). This assures that any variatronstural seismic noise levels over time will
not affect the comparison of different potentia¢si

Records of seismic noise are usually presentedoése rspectra. These can reveal more

information about the type and importance of vagigeismic noise sources around the site
than the corresponding time-domain records alongyp#fcal noise spectrum is shown in Fig.

10
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7.7. We can easily see high levels of man-madenseisoise (frequencies around 15 Hz).
Spectral spikes from 3 to 5 Hz shown in this speutroriginate from heavy machinery
working in a quarry at 4 km distance.
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Fig. 7.7 Typical seismic noise spectrum (ground velocioypr density in fis’/Hz) at a
potential seismic station site showing man-madgnsiei noise generated by a nearby city and
heavy machinery working in a 4 km distant quarry.

However, noise spectra should never be determindtbwt prior inspection of the original
time domain records which have to be cleaned otpnesentative spurious or transient
events. Also the analysis of noise conditions sthhawdver be made on the basis of the
calculated spectra alone but always in conjunctath the related time-domain records.
Examples are given in sub-Chapter 7.2.

The data requirements for noise analysis depenthernype of station to be installed. For
short-period stations, use noise records thattaieast two minutes long to allow calculation
of stable seismic noise spectra in the frequenagearom 0.1 to 50 Hz. For broadband
stations, use noise records that are at least yweimutes long for noise spectra calculations
from 0.01 to 50 Hz. The sampling rate should b&east 100 Hz in both cases. In order to
reduce any bias due to diurnal noise variations,nileasurements at the various sites should
be taken at about the same time of the day. Wherpaasible, use identical equipment and
processing methods at all potential sites andeatdference station(s). This greatly simplifies
the normalization procedure. More information abseismic noise and its measurement is
given in sub-Chapter 7.2

It should be mentioned here that the assessmeseisimic noise for a Very-Broad-Band

(VBB) seismic station requires much more efforty®ar even months of measurement are
often required to get a full picture of the seismase conditions at the potential site (see
Uhrhammer et al., 1998). A quiet short-period statsite is not necessarily a good long-
period noise site. Seismic noise may behave diftgrén the different frequency ranges.

11
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7.1.3.3 Field study of seismo-geological conditisn

A seismo-geologist should study the geology to mieitee its local complexity. Uniform local
underground conditions are preferred for seismatiagts. The seismo-geologist should also
verify the actual quality of bedrock as comparedhat given in geologic maps and try to
estimate the degree of weathering that local rbek® undergone. This can sometimes give a
rough estimate of the depth required for the seiswaiult to place the seismometers on
unweathered bedrock. Unfortunately, it is oftenhhygunreliable to judge the required vault
depth in this way. At most sites only shallow secsprofiling, drilling, or actual digging of
the vault can reliably reveal how deeply the rackveathered and how deep the seismic vault
must be. If shallow profiling is planned (see 7.8.Below), the seismo-geologist should
precisely determine the position of the profiles.

If there are local sources of high-frequent seisnoise around the site, a seismologist should
carefully assess, both by inspection and measurten@nwhat extent they might affect
recordings at the site. If the noise sources amdsite are located on the same rock or soil
formation, one can expect a high degree of seismipling between the noise source and
the station. On the other hand, when the noiseceswand the station are located on different
geological formations with a significant impedancentrast between them, the seismic
coupling is rather weak. In this case even neamagensources might not disturb seismic
records much. The station BRG in Germany is aiatfilexample. This is one of the best
stations in the German Regional Seismograph Net{®RKSN). The station is located in the
middle of a busy resort town, next to a main roadtlmn the aggraded bank of a rushing
creek. The seismographs have been placed 150 m faera the road in an abandoned
mining gallery which was driven horizontally fronmet road level into an outcropping
Devonian hornschist rock cliff. Thus, the seismeasors are well decoupled from the nearby-
generated traffic noise. The site quality of BRGudocorrespond to B in Fig. 7.5.

7.1.3.4 Field survey of radio frequency (RF) contdons

A communications expert visiting the site shoulémine potential obstacles to radio-wave
transmission. He or she should also examine theeithiate topography surrounding the site
because frequently it can not be resolved from , 0D scale maps, normally used in RF
topographical profiling. This study needs to defihe minimum required antenna height for
reliable data transmission. For more informatios Sab-Chapter 7.3.

7.1.3.5 Shallow seismic profiling

Shallow seismic profiling is usually the last siapthe site selection process. It is probably
the most expensive step and has usually to be amatt out to a seismic-engineering
company. It should be done only at the most likehd most important sites. Shallow
refraction profiles yield quantitative parameterstbe rheological quality of the bedrock and
enable determination of the depth of weatheringe fiégsults can determine the best position
of the seismic vault as well as its required depime should use two approximately
perpendicular profiles, each about 100 meters langrder to determine the seismic wave
velocity (for P and/or S waves, depending on thpe tygf source used) down to a depth of 20
to 30 meters. This is enough even for the deepesms& vaults considered. If the

12



7.1 Factors affecting seismic site quality and the site selection procedure |

seismometer is to be installed in a borehole, seipnofiling needs to penetrate to depths of
about 100m, the typical maximum borehole depth.

If seismic profiling is not included in the siteadwation, most likely for financial reasons,
unexpected results may occur when digging the seigault. One should dig until reaching
bedrock and that can sometimes be unexpectedly. @®p needs to anticipate that vaults
will have to be repositioned and re-dug if weatddoedrock happens to be extremely thick.
This often makes the relatively high cost of piofila wise investment. The same argument
applies to boreholes, although it is easier ansl ¢estly to deepen or move a borehole than it
is for a vault.

7.1.4 Using computer models to determine network yeut capabilities

Once we have decided on the final number of seistaitons and are very close to the final
layout of the system, meaning that we have choserot three possible network layouts, the
next useful step is to make a computer model oh#tevork. The modeling should answer the
question: Which particular network layout perforimsst for different aspects of network
performances? One can then use these results tselioe best possible network layout for
particular requirements. Among the parameters cagwish to study are:
* network detectability in terms of the spatial dimition of minimum magnitude of
events which can still be recorded with a givemalgo-noise ratio (Fig. 7.8);
* precision (i.e., calculated accuracy) of eventepier determinations in the region
(Fig. 7.9);
» precision of event hypocenter determination arégion (Fig. 7.10);
* maximum magnitude of events that can be recordétbut clipping (this requires
an assumed gain and dynamic range of the recomlipgoment to used in the
network).

Note that optimal configurations for event locatiame often not optimal for source
mechanism determination, tomographic studies aerddsks (Hardt and Scherbaum, 1994).
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Fig. 7.8 An example of computer modeling of network caliads. Isolines of minimum
magnitude of events detected at 5 seismic staffoms six in the network) with a signal-to-
noise-ratio >20 dB are shown for the best of therahtive network layouts.
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of epicenter determination in knt (1 standard deviation) are shown for the best ef th
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hypocenter determination in knx (1 standard deviation) are shown for the best ef th
alternative network layouts.
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Several methods for direct computer calculatioomifmal network configuration (layout) are
described in the literature (e.g., Kijko, 1977; Ralwitz and Steinberg, 1990; Steinberg et al.,
1995). However, practical limiting conditions witespect to infrastructure, topography and
accessibility usually outweigh such theoreticalrapphes. "Optimal” layouts calculated with
these methods are rather sensitive to initial derdi such as the predicted gain of stations.
This often renders results of questionable valumvéver, some of these programs may be of
help in deciding whether to add or remove stattorsn existing network (e.g., Trnkoczy and
Ziv¢i¢ 1992; Hardt and Scherbaum 1994; Steinberg e08b;1Bartal et al. 2000).

A more detailed discussion of these programs iobeyhe scope of this Manual. Simple
methods usually suffice for our purposes becausevesat to compare results for various
layout options. Determination of network performasan an absolute sense requires a more
sophisticated approach. One program which workseratvell for relative performance and
which can be made available on request is descith&sl 7.4: “Detectability and earthquake
location accuracy modeling of seismic networks”eTgrogram is based on a simplified and
uniform attenuation law for seismic waves in a hgemeous half space or in a single- or
double-layer ground model. The software uses enancertainties in the P- and S- wave
velocities in the model and in the P- and S-phasédings. The software requires as an input
the predicted sensitivity of the seismic stationghie network based on measured seismic
noise amplitudes at the sites.

No matter what modeling work is carried out, chagsa seismic network layout always
involves making good, educated guesses based enienge.

7.2 Investigation of noise and signal conditions gtotential sites
(P. Bormann)

7.2.1 Introduction

The general factors affecting seismic site quadity suitable site selection procedures have
been discussed above. This sub-Chapter discussesicgily the instrumental measurement
of seismic noise and signals for optimal site seda¢ discusses specific features of noise
records and spectra from different noise sourcesgares recommendations for carrying out
such measurements. In the following we discrimiretisveen:

* reconnaissance noise studies prior to statiorsslegtion;

» comparison of noise and signal conditions at exgigiermanent stations;

» searching for alternative sites in a given network.

Examples for each case are based on data frora sigeys in Iran and Germany.

Many sites in a wide area usually have to be ingpleand measured during reconnaissance
noise studies, sometimes covering an entire cou@ayrying out such a survey within a
reasonable time and reasonable cost often dictatdsng measurements with short-period
instruments. These are easily and quickly deployeduire less care than long-period or
broadband sensors for thermal shielding and undengk tilt stability, and yield stable
records immediately after installation and usefghkrequency spectra from a few minutes
of recording. Many potential sites can then be messwithin a day and thus quickly give a
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| 7. Site Selection, Preparation and Installation of Seismic Stations |

good idea of their suitability depending on surfageology, topography, distance from
potentially disturbing noise sources, etc.

However, short-term measurements using short-peetsmographs do not allow judgement
of the level of long-period noise (T > 3 s). Thag also not very suitable for assessing
seasonal or diurnal variation of seismic noiseth@rmore, it is highly unlikely that during
the short time windows of measurements, any sigfralm real seismic events will be
recorded which would allow comparison of signahtuse-ratios (SNR) at different sites.
This is important because sites with the lowess@aire not necessarily the sites with the best
signal-to-noise ratio. Signal amplitudes may vayyabfactor of three or more, depending on
local conditions (see Figs. 4.34 to 4.36).

Nevertheless, short-period and short-term noisesarements are sufficient to get an idea of
the high-frequency (f > 0.3 Hz) background noisd &m assess the potential influence of
various types of man-made noise sources. It is plsssible to assess the daily noise
variability and to scale and compare measurementhieamore remote sites by using a
reference station at the nearest main source ofmeate noise (town, factory, railway line,

high way, etc.), which records throughout the itigagion. In this way, we can get a reliable
idea of the relative suitability of different potex sites for the frequency range of small
local, regional and teleseismic events (0.3 H&X<3D Hz).

Existing permanent recording sites with stable mrdiog platforms and reasonable shielding
against environmental influences allow long-terrmparative measurements of both seismic
noise and signals in a much broader frequency bdhése will give a more reliable
assessment of the suitability of sites for eveméaen and location and also for a variety of
other seismological tasks, such as source mechasigdies, tomographic studies of the
Earth’s structure or the use of very long-perioda modes.

If some of the sites within a seismic network agmificantly noisier than others, one should
look for alternative sites. For a broadband netwtre measurements at alternative sites must
be made with the same type of broadband sensorswvahdevery precautions for stable
installation and appropriate shielding against wingeather and direct sunshine. The
recording time at each site should be long enoaginsure proper stabilization of the sensor
after installation (a few hours to days). Additibdays or weeks of recording are needed for
assessing diurnal noise variability and relativeRSNor local and teleseismic events.

7.2.2 Reconnaissance noise studies prior to statisite selection

7.2.2.1 Offsite assessment of expected noise Isvahd measurement of instrumental
self-noise

Field measurements should always be preceded byeo$tudies (see 7.1.2). They help locate
the most promising sites and most likely noise sesirhelp speed up the measurements and
reduce the risk of unwanted surprise in the field inal assessment.

When geologic, environmental, climatic, settlemamd infrastructure conditions indicate that
sites may have very low levels then only high-penfance short-period seismographs with
very low instrumental self-noise should be usednimise measurements (see 5.6). The level
of self-noise should be measured before going tinéofield and compared with the global
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7.2 Investigation of noise and signal conditions at potential sites |

New Low Noise Model (NLNM) (see Fig. 5.21). Thessabmeter noise should be at least 6
dB below the minimum local seismic noise for théirenpass band of the sensor. The signal
pre-amplification has to be set high enough to enthat very low-level ambient noise is well
resolved. The resolution of the data acquisition stmould be set at about 18 dB (3bits) below
the minimum local seismic noise over the pass bahdhe seismograph. Clearly, the
frequency response of the seismograph must be kmowras to be determined beforehand
(see 5.7 and 5.8 and well as the exercises EX0515).

Fig. 7.11 shows the combined frequency responsano$S-1 seismometer and an SSR-1
recorder used in field measurements for site seledh NW Iran® The sampling rate was
200 Hz using a B order low-pass filter with corner frequengy=f50 Hz in order to avoid
spectral aliasing (see 6.3.1). The filter redubesseismograph gain betweemhd the Nyquist
frequency iy (half of the sampling frequency) in such a waat trery small seismic background
noise signals no longer may be resolved abovedhst-tount digitizer noise. Correcting the
noise spectrum for the decrease in seismographfgaire f. results in arapparent increase of
noise power betweegn &nd f,. This is clearly to seen in Fig. 7.12. Here, thenefwe consider
only noise spectra up to 1/4 or 1/2 of the samglieguency.

° ~ "
-1 //\ N
17 \\ i,
17 \[.

-4z ) 0 1 2 -2 -1 0 1 2360°

LOG(MAGNIFICATIONY and PHASE SHIFTIL[?1 UERSUS LOG(FREQUENCYIHz 1>

Fig. 7.11 Amplitude and phase response curves for the seigtesmecorder combination
SS-1/SSR-1 as used in field measurements in NW(&a@ Figs. 7.12 to 7.21). The response
is proportional to velocity between about 1 andHz0

Y The data in Iran have been collected as part joira project between the International
Institute of Earthquake Engineering and Seismoldy¥ES) and UNDP (Ref. No.
IRA/90/009). The data relates to the seismic noigasurements at potential station sites for
the Iranian National Seismic Network (INSN). Thehaus thank Prof. M. Ghafory-Ashtiany,
President of IESSS, for the technical and stafpsupprovided and for his kind permission to
publish part of the data in this Manual.
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Fig. 7.12 Comparison of the average value$ ¢f the ground displacement spectrum of
seismic noise recorded at the quietest site founmthg a noise survey in NW Iran with the
equivalent displacement spectrum of the combinsttumental self-noise of the Kinemetrics
SS-1 seismometer and SSR-1 data logger at a prifiaatipn level of 100 times (left) and
1000 times (right). One order of magnitude diffeeim the amplitude spectra corresponds to
20 dB difference in the respective power spectrdy @he higher pre-amplification allows the
resolution conditions to be met at the quietesssit the area under investigation.

7.2.2.2 Sensor installation, measurements and logiloentries in the field

Potential measurement and reference sites shouybdebgselected before going into the field,
based on geologic and road maps and taking intuatother significant aspects or findings
from preceding offsite studies. The selections rhaychanged during the field inspection.
Essential points to be considered in field stutii@ge already been outlined in section 7.1.3.
The following complementary rules should be obsgrve

* keep alog-book;

* note carefully all relevant features which charazeethe measurement sites (local
geology and topography, compact or weathered rat&rap, soil type, vegetation
cover, distance to settlements or industry, maaso power lines);

* note the environmental conditions during measurém@reather, wind, rain,
insolation) and the occurrence time of any transiements that might have
influenced the noise record (e.g., wind gusts @s,daains or people passing by at
what distance);

* mark the position of any measurement site in yoadrand/or geological map;

» take representative photographs of each measureiteaind sensor installation;

« whenever possible, position the seismometer dyemtl a flat outcropping rock
surface and level it with its three adjustment wsreUnusually-long adjustment
screws can be fitted to help level the sensor aghiaock surfaces (proper counter-
locking of the screws ensures sensor stability);
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7.2 Investigation of noise and signal conditions at potential sites |

in the case of well-binding (clayish) soil, scremg-leg tripod adjustments directly
into the soil. Alternatively, position the seismdereon a thick solid rock plate
placed firmly on the ground after removing any Bagavel or vegetation (Fig.
7.13). This may be the only reliable solution wheaking three-component noise
measurements if three individual sensors are ueqdiring identical installation
conditions. It may also work well on rough rock fages as long as a nearly
horizontal stable three-point support of the plesaa be found. A rock plate is not
necessary if the three components are mounteceisdme package, e.g. for Mark
L4C-3D seismometers (see DS 5.1).

Fig.7.13 Temporary three-component reference installatioNW Iran on a leveled marble
plate placed on unconsolidated ground. Two otheasmement points on the horizon using
outcropping hard rock are marked. The noise aldtter sites was close to the NLNM.

in the case of wind, rain or snowfall, try to fistlielding on the lee-side of a rock-
face (Fig. 7.14) or bury the sensor in the ground eover it with a tightened sheet
or blanket or with a box;

if test measurements show that noise levels argaaable for all three components
in the area under investigation it is sufficient dontinue the survey using only
vertical component recordings. This is usually ¢hse in isotropic noise fields, i.e.
in the absence of distinct localized noise sources.

set up at least one continuously-recording refexestation in the study area in order
to assess the influence of diurnal noise variationsthe measurements made at
different sites and at different times of the dalge reference station can be used to
scale the noise records at the other sites (se€ Hig).

if, at low-noise sites, the ground displacemenésadrthe order of nm (19m), do
not stand or walk close to the sensors duringeberdings. Stay at least 10 m away,
remain sitting down, and keep absolutely quiet {Sge7.18).
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Fig. 7.14 Hiding with the noise recording equipment on adyi day with snowfall in a small
cave on the lee-side of a rock cliff. Surface rdouys under adverse weather conditions of
the noise level at this site in NW Iran were cltséhe best sites in good weather.

» stay several hundreds of meters away from largeepéines or transformer houses.
Otherwise you may get strong induction currentth@seismometer’'s measurement
coils or record 50 to 60 Hz vibrations that areiggp of large transformers or
heavily loaded power lines (see Fig. 7.19).

» take comparative measurements at different distkaace recommended to assess
the reduction of noise with distance from transiemirces (such as nearby road or
railway traffic). Measurements on different soihd@tions may also be needed if the
noise also depends on the lateral impedance cordfasdjacent rock formations
(see Figs. 7.16 and 7.17).

» take daily synchronization of the internal clockgle data loggers used in the field
and at the reference site if they have no commuoe treference such as GPS-
controlled clocks.

7.2.2.3 Case study of noise records in the frequenrange 0.3 Hz < f <50 Hz

Fig. 7.15 shows the daily noise variation at arexfee site in a town in NW Iran. The noise
between night and day time varies by about 20 talBGround 1 Hz and by about 50 dB
around 10 Hz because of the site’s proximity toaanmnoad and poor underground conditions.
Fig. 7.16 shows the large dependence of noise decand spectra on the geological
underground conditions and remoteness from villagestraffic roads in the area around one
of the reference stations in NW Iran .

Note that noise spectra should not be determinésksithe related time domain records have
been inspected and any non-representative spuoiotransient events have been removed.
The analysis and assessment of noise conditionscsimever be made on the basis of the
calculated spectra alone but always in conjunatitth the related time-domain records.
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Fig. 7.15 Comparison of relatively quiet sections of veiticamponent noise records (left;
without strong transients) and related power spdcight) at a reference site in a town in NW
Iran. The measurements were made at different tohtee day.
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Fig. 7.16 Noise recordings (left) and related power speight) at different sites in NW
Iran. From top to bottom: 1) unconsolidated Miocdagace, 2) unconsolidated Alluvial
valley fill, about 2 km away from the main road,&®) for 2) but some 5 km away from main
road; 4) outcropping volcanic hard rock near thedrim a valley (with no nearby traffic at the
time of measurement, 5) volcanic hard rock surfae@ a mountain pass road. The noise at
MIA 7 is around 1 Hz very close to the global Neamt.Noise Model (see 4.1) and at 10 Hz
only about 14 dB above it.
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Fig. 7.17 shows a two minute noise record (left) #me related power spectra (right). The
large amplitudes at the beginning are due to &tamd car passing by on the bumpy country
road at some 100 to 400 m distance (documented Hmtograph and time check).
Accordingly, for frequencies f > 7 Hz, the noisemgo of the first minute of the record is 10
to 20 dB higher than for the background noise dltertransient is over.
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Fig.7.17 Noise record and related spectra for the first ma@r(transient) and second minute
(background noise). The transient is due to a tpagsing by at several 100 m distance from
the recording site.

Fig. 7.18 shows a recording at a remote low-noge Ihock site. The first segments are very
noisy because people were "stretching their legdy a few meters away from the sensors.
This man-made noise stopped abruptly at 13:06:1Bshewhen they were asked to sit down
and not move. Comparing the related noise powectspdor these two different record
segments shows amplitudes 20 to 30 dB lower fouttspoilt ambient noise. Therefore, all
members of a noise measurement crew must be itedrt@ stay away from the sensors and
keep very quiet during measurements.
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Fig. 7.18 Noise records (left) and related power spectrah{yigt a remote low-noise hard
rock site in NW Iran. The large, impulse-like anydies in the first part of the record are due
to the movement of team members near to the sersors the much lower noise (dots in the
spectrum) after they were asked to "sit down anduet".

22



7.2 Investigation of noise and signal conditions at potential sites |

Measurements near power lines and transformer kdik&vise may significantly spoil the
records. The recordings shown in Fig. 7.19 wereanashr a quiet countryside village. For
frequencies below 13 Hz, the noise amplitudes atghly the same in the vertical and
horizontal components. At higher frequencies, ssimyly, the horizontal records are
extremely noisy. The related power spectra shoangtralmost monochromatic, noise peaks
around 13, 30 and 50 Hz in the horizontal companefNote that the spectral calculation
stopped at the seismometer’s upper corner frequeh®® Hz; see Fig. 7.12). According to
the notebook entry and site photograph the recas mvade only about 30 m away from a
transformer house and power line. The strong maocatic high-frequency noise peaks are
probably due to strong electromagnetic inductioth horizontal measuring coils by the AC
current frequency of 50 or 60 Hz and its lower hamos (30 and 13 Hz). However,
experience at other sites shows that large tramsie and heavily loaded power lines may
also vibrate at 50-60 Hz.
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Fig. 7.19 Noise records and related power spectra nearramaformer house and power line.
Note the monochromatic spectral lines around 1&r8050-6(Hz, either induced by the AC
current frequency and its lower harmonics and/ased by the vibration of the transformer.

Another experiment demonstrates the attenuatidruok-traffic noise with distance from the
road and the influence of the acoustic undergrammpmedance on the recorded spectra. In two
different cases, one sensor was placed at thedioah asphalt-covered road embankment
while the other one was installed about 1 km awagnfthe main road in the countryside. In
the first case, the underground consisted of wavial coastal plane deposits; in the second
case, outcropping competent Cretaceous tuffaceands®ne, i.e. a rock with a much higher
acoustic impedance. The recordings were made simedusly and the time segments
analyzed when a heavy truck was passing by on thie noad. On the wet alluvium the
vibrations caused by a truck were recorded on tea rembankment with very strong
amplitudes for almost 30 seconds. Frequencies leetv®e3 Hz and 20 Hz were strongly
excited. Although power spectral amplitudes at 1 distant were generally 20 to 30 dB
lower, high frequencies were still clearly visilohethe record and the spectrum (Fig 7.20).
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Fig. 7. 20 Comparison of seismic records and related noigetsp made at the time of
passing of a heavy truck: Left: record near thal rembankment; middle: record made about
1 km away from the road in the countryside (middlght: noise power density spectra.
Underground: wet Alluvial coastal plain depositdofe that the noise amplitudes in the left
panel have been reproduced with only 40 % of thgnifigation in the central panel).

In contrast, Fig. 7.21 shows the records made athan section of the road embankment
consisting of broken rock overlaying outcroppingngetent rock. A strong increase in noise
amplitudes above the general background level Wwasreed for about 5 s only, i.e., when the
truck was close to the site. The general noisd,lewen at the time of the passing truck, was
20 to 30 dB lower than on the alluvial embankmeéiso, at the broken/compact rock road
embankment, spectral amplitudes for frequenciesvdrt 0.3 and 1.5 Hz were about the
same as 1 km away in the side valley on the oupingpcompact sandstone. On the other
hand, high frequency amplitudes generated by tiek tare no longer visible in the record at
the hard rock site 1 km away from the main road eathiced by 20 to 30 dB in the power
spectrum.

In summary, these examples show what one can efgrewvise reduction with distance from
main traffic roads or other sources of man-madsejand their dependence on underground
conditions. This may help guide reconnaissancel frakeasurements for appropriate and
accessible sites. The examples also illustrateisleéuiness of comparing noise records in the
time domain with the related power spectra in ortdebetter identify the kind of noise
sources and understand their appearance in thedseco
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Fig. 7.21 As Fig. 7.20, except that records were made ndmolen rock embankment of a
main road and on outcropping compact tuffaceousistane, 1 km away in a side valley,
respectively.

7.2.3 Comparison of noise and signals at permanesgismological stations
7.2.3.1 Introduction

Existing permanent seismological stations haveohgstlly been established by different
institutions for different reasons and have ofteerbinstalled under different underground and
environmental conditions. The stations were uswaigrated independently, each reporting their
own data readings to national or international de#mters. Modern methods of data
communication make it easy to link these statibtdgnerge them into virtual networks (see
8.4.3), to exchange waveform data in real time &ngerform joint data analysis at local,
national or regional data centers. The overall agtwerformance and quality of results strongly
depends on the local conditions at the individtetians. One crucial parameter is the detection
threshold. This is mainly (but not exclusively) tofled by the noise conditions at the sites.
High noise conditions at some stations reducesr thentribution to event detection,
discrimination and location accuracy of the netwarkay bias average network magnitude
estimates and may result in inhomogeneous completesind accuracy of earthquake catalogs.
Therefore, when setting up new seismic networkénting already existing stations into a
network, a priority task should be to investigaid aompare the signal-to-noise conditions at the
various stations, and to find alternatives for nigiesites. Such decisions may have far-reaching
consequences and involve significant cost and soldmot be based on just a few short-term
noise measurements in a limited frequency bandseNmieasurements should be taken over at
least several days, but preferably over weeks @mnemonths, in order to get a clear
understanding of the diurnal and seasonal varalaifiseismic noise in the full frequency band
of interest for the operation of the network. Mameg one should determine the signal-to-noise
ratio (SNR) for events from different distance aztmuth ranges and compare this at existing
and possible alternative sites. It is vital thatedords should be made with equipment having an
identical instrument response.
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This is demonstrated using data from the GermamoRalgSeismic Network (GRSN) (see Fig.
8.15). Originally the GRSN consisted of 12 siteswastern Germany. Several permanent
stations in eastern Germany were subsequently @addkd network. The GRSN now consists of
16 digital broadband stations equipped with ST$hsameters (see DS 5.1), 24-bit data loggers
and a seismological data center at the GrafenbBrguiay center (GRFO) in Erlangen. The
network covers the whole territory of Germany watlstation-spacing between 80 km and 240
km. The stations are located in very different emvinents: e.g., near the Baltic Sea coast (HAM
and LID, now BSEG; RGN); up to distances of abod® kKm away from the coast (FUR);
within cities (BRNL, HAM) or up to about 10 km aw&pm any major settlement, industry or
busy roads. The underground varies from outcropptageozoic hard rocks in Hercynian
mountain areas (BFO, BRG, CLL, CLZ, GERES, MOX, TNBET), sedimentary rocks in
areas of Paleozoic (BUG, IBBN) or Mesozoic platfazover (GRFO, STU) to unconsolidated
Pleistocene (glacial) deposits (BRNL, HAM, FUR, LIRGN). The seismometers are installed
either at surface level (CLL, CLZ, HAM, IBBN, RGNVYET), in shallow vaults just a few
meters below the ground surface (BUG, FUR, GSH, )TiSboreholes (GRFO, 116 m), or in
bunkers, tunnels or abandoned mines between 206ihch below surface (STU, MOX, BSEG,
BRG, RUE, BFO). More details about these stations their equipment can be found on the
Internet ahttp://www-seismo.hannover.bgr.de/grsn.html

Seismic background noise at GRSN stations variasatde range between the upper and lower
bounds of the new global noise model (see Fig.)7BTe noise conditions at the GRSN have
been investigated in detail in the frequency reng®m 10° to 40 Hz by Bormann et al.( 1997).

7.2.3.2 Data analysis

Continuous recordings at all stations were systeaibt screened at different times of the day
(0, 6, 12 and 18 hrs UT) in order to reveal diunaiations and their site dependence.Records
were also monitored throughout the year in ordedéatify periods of minimum and maximum
noise level and their seasonal variations. Resfeoticord sections and related power spectral
densities (PSD) were plotted together and checkedrdnsient signals from seismic or other
spurious events.

Data of the GRSN are acquired at a sampling ra@0dfiz for most stations and 20 Hz at the
more noisy stations. For most of the routine naisaysis, the 80 Hz data were re-sampled at 20
Hz. The Power Spectral Density (PSD) was calculatgdg a subroutine from the program
SEIS89 (Baumbach 1999). It implements, in a somewhadified form, an algorithm
recommended as a standard for the calculation sesdiptation of noise spectra by the Ad Hoc
Group of Scientific Experts (1991). The modificatiallows the use of segments of data larger
than 512 samples, thus permitting the analysisarertong-period noise. The digital time series
containing background noise are divided into a nremdd half-overlapping record segments,
normally of 4096 samples. The power spectra ara taculated for each segment (after
removing the mean and tapering the ends of eachesggvith a sine-cosine window) and then
averaged over eight segments in order to reducesiti@gnce of the PSD estimate. Accordingly,
the presented power spectra are representativeofee records of about 15.4 min duration in
case of 20 s.p.s. and of about 3.8 min duratiorB@s.p.s.. All spectra are corrected for the
instrument response. The power spectra are prelsgntanits of displacement power spectral
density in nr/Hz. A lower frequency limit is imposed such tHa tongest period which can be
analyzed using this procedure is one sixth of dgerent length.
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According to Fig. 7.48 in section 7.4.4, STS2 segraphs have a self-noise which is below the
global New Low-Noise Model between about*18z and 10 Hz. According to Wielandt and
Zurn (1991), they can resolve the noise at BFOclwig one of the quietest seismic stations in
Germany, for frequencies below 30 Hz. Thus, insaunt@l and/or digitization noise can
potentially affect the noise estimates at the biss only at frequencies above and below this
range.

Essential results of the analysis are presentenlvbdtigs. 7.22 - 7.37 are reproduced from
Journal of Seismology, Vol. 1, 1997, pp. 357-3&Andlysis of broadband seismic noise at the
German Regional Seismic Network and search for ongd alternative station sites” by P.
Bormann, K. Wylegalla and K. Klinge, Figures 2647, 9, 11-15, 17-20 and 22; 1997( with
kind permission from Kluwer Academic Publishers).

7.2.3.3 Results

Fig. 7.22 shows an example of high-pass filteremttgheriod Z-component records of seismic

background noise from 15 stations of the GRSN. Anmgiés differ by more than one order of

magnitude. Noise amplitudes on vertical and hotelorecordings were about the same at any
given station. Therefore, only spectra from Z-congy records are considered. In long-period
records, however, horizontal noise is sometimesfggntly larger (e.g., for stations RGN and

BSEG in Fig. 7.23), due to the high tilt sensitivitf long-period horizontal seismometers (see
5.3.3).
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Fig. 7.22 High-pass filtered {f= 0.7 Hz) Z-component noise records of GRSN statan July
30, 1996, at night time (from Bormann et al., 1997)
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Fig. 7.23 Three-component recordings at five GRSN statiotes applying a long-period SRO
filter characteristic (from Bormann et al., 1997).

On very calm days at stations with very good emwvirental shielding (e.g., BFO, GRFO, TNS

in Fig. 7.23), horizontal long-period noise miglet équal to or only somewhat stronger than in
vertical components. On stormy days with high wprdssure fluctuations and related tilts,
however, the noise power in near-surface horizoatairdings might be 20 to 30 dB higher than
in vertical ones. When the sensors are installéctisumtly deep in boreholes (as GRFO; 116 m
below surface) or in mines (as BFO; 162 m belowase) this difference will be much less,

even during stormy days.

Differences in the displacement PSD at the GRSNostaare most obvious for frequencies
above 0.5 Hz. They may reach about 60 dB (Fig.)7aBd are due to the varying proximity to
man-made noise sources and differences in undergroonditions. The stations BRNL (Berlin
Lankwitz) and HAM (Hamburg) proved to be the waiés. For longer periods (T > 2 s) the
differences in noise level between the GRSN statewa much less pronounced; less than 10 dB
in most cases. However, over a long period of t{fig. 7.25) the noise power variability at
individual stations of the GRSN proved to be snséljand seasonally independent) around f =1
Hz (about 5 to 10 dB variation only). It is largegtween 2 to 10 Hz (up to about 20 dB) and
largest for the secondary ocean-storm microseisak @eound 7 s period (30 to 40 dB).
Microseisms only occur episodically and with seadlgrvarying intensity (strongest at the time
of winter storms). At periods around 20 s, the eaafjnoise power variations still reaches 20 to
30 dB. This is equivalent to variations in the niagie threshold for Ms determinations of up to
1.5 magnitude units.
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Fig. 7.24 Displacement power density spectra at selecte8NGRations determined from noise
records on the morning of April 13, 1993. For congum the ranges of noise power observed at
the new sites BSEG, RGN and RUE are given as stadad (from Bormann et al., 1997).
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Fig. 7.26 shows record sections of only 1 minutetiion and with identical gain for one of the
guietest and one of the noisiest days observedglariyear at each of the stations MOX and
HAM. The amplitudes of secondary ocean-storm meisoss with periods of about 6 to 7 s, on
the noisy day, are at HAM only about twice as lagat MOX despite HAM being much closer
to their origin along the European North Atlanticastline. On the other hand, the high-
frequency noise at HAM is always much larger themM@X. The corresponding displacement
power spectra for the quietest day at MOX (May &3) the noisiest day at HAM (January 13)
during 1993 are compared in Fig. 7.27 with the glddew Low Noise Model (NLNM) and
New High-noise Model (NHNM) according to Petersbf93).

1993-jan-13 and 1993-May-23
It T

} MOXBZ ‘ MOXBZ ' HAMBZ ‘ HAMBZ

Fig. 7.26 Comparison of record segments with largest (I13uag) and lowest seismic
background noise (23 May) observed in 1993 atostatHAM (upper two traces) and MOX
(lower two traces) (from Bormann et al., 1997).
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Fig. 7.27 Spectra for the noisiest day observed at HAM (Jantid) and the quietest day at
MOX (May 23) during 1993. The NHNM and NLNM accandito Peterson (1993) are shown
for comparison. The shaded area (1) covers theerahghort-period noise power calculated by
Henger (1995) for all GRSN stations on March 1,41@8odified from Bormann et al., 1997).
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The diurnal variations of man-made noise have hksen investigated at all stations of the
GRSN. The variations are very distinct (20 to 3Q dBthe stations BRNL, BUG and FUR, i.e.
at sites in densely populated areas and with timdonsolidated subsoil. They are much less (<
5 to 10 dB) at stations on hard rock in smaller lsd busy towns (such as BRG and CLZ) or
even at several km distance to the nearest vill@els, MOX and TNS).

Due to the large differences in noise conditionth@GRSN stations, the capability to detect and
locate events with at least 3 stations was rathieorhogeneous over German territory. The
detection thresholds ranged between Ml = 1.5 ar&irRe the network was supposed to detect
and localize all local events with Ml 2, more suitable sites had to be found for somigoss.
This was particularly true for BRNL and HAM. Theaseh for more appropriate alternative sites
focused on areas not too far away from these statin order to preserve the general
configuration of the GRSN.

7.2.4 Searching for alternative sites in a givemetwork
7.2.4.1 Geological and infrastructure consideratias
We consider here two case studies for replacingefisnic stations BRNL and HAM.

BRNL was located on the courtyard of the Geophysnsditute of the Free University of Berlin,
about 12 km from the city center. The station ugdemd consists of about 290 m
unconsolidated Cenozoic sediments overlaying & equence of Mesozoic sedimentary rocks.
These unfavorable underground conditions, togeth#tr high population and nearby traffic
density, made this station one of the noisiestemn@ny. An alternative site had to be found in
the wider surroundings of Berlin.

In the area of Berlin, the base of the Permian Zeah subdivision is between about 2600 m and
4000 m below sea level. The pre-Permian basemehlock-faulted with different vertical
movements between adjacent blocks during post-Rartmes. This mobilized the overlying
plastic salt deposits of the Zechstein subdivisiod resulted in the formation of dozens of salt-
pillow structures, up-doming the Mesozoic sequetEse. In a few cases, salt diapirs pierced
through the post-Permian deposits to the preserfiiceu The largest of these halokinetic
structures exists beneath the small town of Ruderglig. 7.28) about 25 km east of the city
center of Berlin. It was exposed by Pleistoceneiglaerosion, thus forming the northermost
natural outcrop of Middle Tertiary limestones inr@any which has been mined for hundreds of
years. Logistically, Rudersdorf is easy to reacth has all the power and telecommunication
connections needed for a GRSN station. The opdrdeaslopment stretches E-W and is about
0.5 to 4 km away from the eastern segment of ttsy BBerliner Ring Autobahn" (motor
highway). Despite the proximity to town and highvand the continuing surface mining in the
quarries of Rudersdorf, this area was considerdaetthe most promising alternative for the
station BRNL both from a seismo-geological anddtigal point of view. This was subsequently
confirmed by measurements (see 7.2.4.3).

Hamburg is situated in the NW of the North Germaiish Depression. The regional geological
conditions are similar to those around Berlin altjto the depression is much deeper here. The
unconsolidated sediments above the basis of Tyeararabout 1.5 km thick beneath the station.
HAM was situated about 12 km away from the cityteebut rather near (< 1 km) to different
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segments of the dense highway network. Accordiriglynoise conditions were the worst of all

the seismic stations in Germany. The most promisiltgrnative site was on an outcropping,

partially mined, salt diapir in the town of Bad 8bgrg, about 50 km NNE from the center of

Hamburg, not too close to either the North SeaadtiBSea, easily accessible and with suitable
infrastructure and communications facilities. Thare Quarternary unconsolidated sediments,
about 100 to 400 m thick, and Cretaceous and Teiagslimentary rocks at a few hundred

meters depth, adjacent to the diapir. Fig. 7.29sha schematic cross section through the
former castle hill and the upper few hundred megéthe diapir of Bad Segeberg.
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Fig. 7.28 Cross sections through the splFig. 7.29 Cross-section through the former
tectonic up-doming at Rudersdorf at locahstle hill of Bad Segeberg (above) and the
(above) and regional scale (below) (fromelated geological profil of the Permian salt
Bormann et al., 1997). diapir (below) (from Bormann et al., 1997)

7.2.4.2 Recording conditions and data analysis okmporary noise measurements for
alternative permanent broadband stations

Identical very broadband STS2 seismometers werd wih PDAS digital data loggers for
comparative measurements of seismic backgrounce retisBRNL and with their potential
alternative station sites RUE and BSEG. The data wampled at 100 Hz. The seismometer at
RUE was placed in a small tunnel in the quarryrioleoto reduce the influence of temperature
variations and to enable stable broadband recadifige tunnel was about 10 m long, with 55
m of limestone overburden, and the site was 2kim Zway from the highway and the village of
Rudersdorf. At BSEG, the STS2 was installed in@sgyn cave within the diapir caprock of Bad
Segeberg, about 20 to 30 m below the surface. a¥eis only a few hundred meters away from
the town center of Bad Segeberg.
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In both cases the instruments were placed directlg leveled hard rock surface. No additional
thermal or pressure shielding was provided durdmggtémporary measurements apart from the
manufacturer’s standard metallic sensor platforth wover hood. Therefore, in the data shown
below, the long-period noise at RUE and BSEG isdrighan it would be in a good permanent
installation.

Note that in contrast to temporary noise measurgmernth short-period seismometers,
broadband sensors require about one day to addpe tenvironmental conditions and find a
stable zero position. Meaningful data can onlydspuaed after this.

For several days, continuous noise and signal maasuts were carried out at BSEG and RUE
parallel to HAM and BRNL, respectively. Data sandplat 100 Hz. were used for the
determination of displacement noise power betwegrafd 50 Hz and re-sampled 20 Hz data
were used for the range 0.03 to 5 Hz. The PSD satibeodescribed in 7.2.3.2 was used, with a
basic record length of 4096 samples. The averagemspectrum was determined using 25
consecutive segments with 50% overlap. Thus thetrspare representative for noise records of
8.87 min and 44.37 min length depending on whetiey are based on data sampled at 100 or
20 Hz.

7.2.4.3 Results of noise and signal measurement8&NL and RUE

Fig. 7.30 shows unfiltered 5-minute broadband segsnef noise recordings at BRNL and RUE
taken around noon and around midnight. Fig.7.3lvshihe noise power at both sites in the
frequency range 0.03 to 50 Hz.
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Fig. 7.30 Unfiltered Z-component broadband records of seismise with identical resolution
at BRNL and RUE. Upper traces: 11:50 - 11:55 UTydptraces: 23:50 to 23:55 UT (from
Bormann et al., 1997).
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The comparison reveals that:

« the noise above 1 Hz at BRNL is some 15 to 25idBdn than at RUE, both at day- and
night-time;

* between 1 and 5 Hz the night-time noise is less tiha day-time noise by about 10 dB at
BRNL and by about 6 dB at RUE;

* below 0.5 Hz, BRNL has about the same noise poesl las RUE with negligible
diurnal variation at both sites;

* a range of different, spatially distributed randamise sources such as nearby traffic
seem to dominate the short-period noise duringtidag-at both sites. This results in a
rather high and "smooth" noise spectrum without@myinating spectral lines at BRNL
and only a few sharp spectral lines at RUE (e.b=a&, 10, 16 and 32 Hz);

* during night-time, when the traffic noise is redidiceeveral sharp spectral lines become
dominant for f > 5 Hz at both BRNL and RUE. These @robably due to specific noise
sources such as machinery rotating with constaquéncy (and their lower and higher
modes).

The last of these observations is clearly relatedctivity in the Rudersdorfer quarry. Mining

and stone crushing machinery are operating themughout the day. Despite the generally
lower noise level at RUE compared to BRNL, it isami@gful only to record at RUE low-pass

filtered data (f = 5 Hz) sampled at 20 Hz. According to Fig. 7.B4 hoise power at RUE is

comparable with that at station FurstenfeldbruddRJ; a site of intermediate quality. A better
result is not achievable with a near-surface itagtah in the surroundings of Berlin.
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Fig. 7.31 Power spectra of seismic noise in Z-componeradivand records at BRNL and RUE
around noon (left) and midnight (right) (from Bonmnmeet al., 1997).

Fig. 7.32 presents the broadband (top) and barsljieeed (from 0.5 - 5 Hz, bottom) Z-
component records at BRNL and RUE of a nearby eateapproximately the same distance. In
both cases the event is not visible at BRNL bulesrly recorded at RUE with several distinct
wave groups. The spectral signal-to-noise ratioRBbF this event i€ 1 at BRNL and varies
between 3 and 30 at RUE for 0.5 Hz < f < 7 Hz. Tia significant improvement of recording
conditions. As a consequence, station BRNL wasdi@hd its equipment permanently moved
to RUE.
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Fig. 7.32 Unfiltered broadband (upper two traces) and barsd-fikiered (f = 0.5 - 5 Hz; lower
two traces) Z-component records of a near seismanten Poland at BRNL ( D = 214 km) and
RUE (D =191 km) (from Bormann et al., 1997).

7.2.4.4 Results of noise and signal measurement$i&\M and BSEG

Fig. 7.33 shows an example of day-time and nighéthoise records at HAM and BSEG with
identical resolution and Fig. 7.34 shows the relaiewer spectra. The comparison, including
that with spectra from other days and with Fig47shows that:

e diurnal variations in seismic noise are remarkahall € 10dB) at HAM. The cause is
very intense traffic and industrial activity in shbusy large harbor town that does not
vary much between day and night time.

» diurnal variations are significant (about 10 to @B) at BSEG above 1.5 Hz but
negligible below 1 Hz;

» between 0.5 and 40 Hz the noise power at BSEGastd) to 50 dB smaller than at
HAM;

« for medium-period ocean storm microseisms (aroutw s period) the noise power is
reduced by about 10 dB at BSEG;

» there is sometimes larger long-period noise at B&8B@pared to HAM. This mainly
non-seismic noise was significantly reduced afital finstallation and the level is now
comparable with other good GRSN sites;

e noise conditions at BSEG above 1 Hz are only slighterior (< 10 dB) to good hard-
rock sites of the GRSN.
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Fig. 7.33 Five minutes of unfiltered Z-component broadbarmbrés at HAM and BSEG on
July 29, 1994 at 8:00 UT in the morning (upper treces) and after midnight (lower two traces)
(from Bormann et al., 1997).
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Fig. 7.34 Noise power spectra at HAM (upper two curves) al8EB (lower two curves)
determined from Z-component records on August B41%round 9 h UT and 22 h UT,
respectively (from Bormann et al., 1997).
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Fig. 7.35 shows the Z-component broadband and-pkddd records at BSEG and HAM of a
teleseismic event in Iran. The event was not rezagie at HAM but was recorded very well at
BSEG. In contrast, the SNR for the P-wave onseltsng-period filtered records (Fig. 7.36) was
comparable at HAM and BSEG since the P-wave wagé#israre > 50 km and therefore much
larger than the size of the noise-reducing veloamymaly of the diapir structure at Bad
Segeberg.

1994-dul-31 07=09:15:40.40 32580 N 48.370 E h=44kn  mb=D.2  Western Iran
[ [ I

|

16 .2nm
at 50.00Hz
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0S5: 22: 00 |05:22:30 iOS:EB:OO |05:23:30

Fig. 7.35 Z-component records of an earthquake in Iran (oigtabout 3800 km) at HAM and
BSEG. Upper two traces: unfiltered broadband res;daiver two traces: band-pass filtered with
f = 0.5-5 Hz (from Bormann et al., 1997).
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Fig. 7.36 Low-pass filtered (f= 0.1 Hz) long-period 3-component records at B&BG HAM
of the Iran earthquake (from Bormann et al., 1997).
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Two more examples of relatively weak (mb = 5) egutikes recorded at about®7énhd 150
distance are shown in Fig. 7.37.Although the ret@des for HAM have been reproduced at a
resolution 10 times lower than the BSEG recordsithise amplitudes are still much larger. The
P and multiple PKP onsets (including depth phasar)be picked easily in the short-period
filtered records of BSEG but not at HAM.

BSEG has now replaced HAM as a permanent GRSNoistafiogether with RUE, this has
significantly improved the GRSN network detectiord docation performance for events in the
northern part of Germany.
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Fig. 7.37 Short-period band-pass filtered Z-component reogsl(f = 0.5 - 5Hz) at HAM and
BSEG. Upper two traces: P-wave onset of a Kurlentis earthquake on 01.08.94 (D = 76.2° to
HAM, mb = 5.0); lower two traces: PKP-wave groupnir an earthquake in the Tonga Islands
on 30.07.94 (D =150.1° to HAM, mb = 5.0) (from B@nn et al., 1997).

7.2.4.5 Causes of spectral noise reduction at Rad BSEG and conclusions

Bormann et al. (1997) estimated quantitativelyrgrgiuction of noise amplitudes when traveling
from a medium with a low acoustic impedance to aliome with higher acoustic impedance
through a sharp impedance discontinuity. Taking exdcount the best available values for P-
and S-wave velocities as well as the densitieh@/arious rock and sedimentary formations in
the area of BSEG and RUE, it was estimated thatisermpower reduction of about 18.5 dB for
BSEG and of 15.6 dB for RUE would be due to therldtimpedance contrast of the anomalous
geological bodies at these two sites with respethé surrounding unconsolidated Quarternary
sediments. This would explain about half of thesagpower reduction observed at BSEG with
respect to HAM (some 30 to 40 dB between 1 and 25 Fhe remaining reduction of about 10
to 20 dB at BSEG can be accounted for by the distahBSEG £ 40 km) from the seismically
noisy city of Hamburg.
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For the noise power reduction observed at RUE reiipect to BRNL (about 15 to 25 dB in the
same frequency range), about 15 dB can be expldmyethe impedance contrast of the
Rudersdorf anticline. The change in distance tdilB&s less effective (RUE is about 20 km

from the city center) because of the noise gergrate@ busy highway near RUE and ongoing
production activity in the quarry.

Below 0.5 Hz, the effect of noise reduction duetliese anomalous geological bodies is
negligible because their near-surface diametehén tof the order of or smaller than the
wavelength of the long-period noise. Large haldiimeliapir or anticline structures do exist in
many other parts of the world with dominating yowdt sediment cover (e.g., around the
Caspian Sea; west of the Zagros Mountains in Iratile USA). A systematic search and use of
such structures (or of other anomalous local hakdowutcrops) as sites for permanent seismic
recordings is recommended as a way to achievefisamti short-period noise reduction.
Otherwise, one has either to settle for ratherrmage conditions for near-surface installations or
go for expensive borehole installations (see 3.4.5

7.3 Data transmission by radio-link and RF surveyA. Trnkoczy)

7.3.1 Introduction

Radio links are often used for data transmissiora iseismic network. Radio links offer
seismic data transmission in real time, are cootisyindependent, often robust to damaging
earthquakes, and usually involve a reasonable(sestalso IS 8.2: Seismic data transmission
links used in seismology in brief).

However, experience shows that the most frequetinteal problems with radio frequency
(RF) telemetry networks originate in the RF linkemselves. This is often the result of a
non-optimally designed RF system. Many seismic ngt®/ in the world experience
unreliable and noisy data transmission. There aea e2ports of some complete failures. This
Chapter gives some general advice on how to desigeismic telemetry system, covering
VHF (usually 160 - 200 MHz for seismology) and UHsually around 450 MHz for
seismology) frequency band FM modulated links, a8 as spread spectrum (SS; around 900
MHz or 2.4 GHz) RF data transmission and satellifbe need for a professional RF survey
will be explained.

The UHF and VHF frequency bands are still the nfiegjuently used. Spread spectrum and
satellite links are becoming more popular in seisgy

7.3.2 Types of RF data transmission used in seismgly

Most of today's RF telemetry seismic networks Ume\fHF or UHF frequency band. Both
bands can be used for frequency modulated (FM)gnsignal transmission or digital data
transmission with a variety of modulation schemBeth usually use standard 3.5 kHz
bandwidth "voice" channels. It is much easier ttawbpermission for these than for special
channels with a higher bandwidth. Direct connectigstances of up to 150 km (100 miles)
are possible with less than one Watt RF power tnéttey's, if topography permits.
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Unfortunately, the VHF band is almost completelgugged in most countries. It is therefore

very difficult or even impossible to get permissianuse this band. The band is also more
susceptible to interference from other RF usersthackfore is rarely used for new seismic
networks.

Until very recently, the UHF band has been the mogular. But it is now becoming difficult
to obtain permission for new frequencies withirsthand in many countries.

Spread spectrum RF telemetry is a new and incrgigspopular alternative in seismology.
These links operate at frequencies around 900 Mt2z40GHz. Spread spectrum RF links do
not use a single carrier frequency but insteadhusentire frequency band dedicated for such
links. Many users use the same frequency bandesodiresponding transmitter and receiver
must identify each other to discriminate from othsers using special codes.

The practical advantages of spread spectrum lirkkghet often no permission is needed for
their operation and that they are very robust ajd®¥ interference (the technology was first
developed for defense purposes for just this rgaJdrere are limitations, however, because
the maximum RF power of transmitters is definechbiional regulations, varies greatly, and.
dictates the maximum practical connection distdveteveen a transmitter and a receiver. This
may impose severe limitations on the wider usepoéad spectrum links for seismology. In

Western European countries where the limit is 100, monnections are only possible up to
20 to 30 km. Direct connection distances around Ri®Ocan be achieved using stronger
transmitters (up to 4W) only in the countries tabdw them.

Satellite links are becoming more popular in sesminy and undoubtably represent the
future for seismic data transmission. Costs aré ati hindrance to the widespread
implementation of this technology but these willedy come down.

Most of the commercially available satellite linfge of the high throughput type. Usually

they are purchased as 110 kHz bands in the GHudrexy range (e.g., Ku-band: 11 to 14

GHz). Frequently, the smallest available bandw(diid consequently the baud rate) is much
higher than usually required for a seismic statoreven for a small seismic network. This

makes satellite links relatively expensive for dmakworks. Prices for one 110 kHz band are
currently around several hundred dollars per m¢1998).

If the size of the network and the total bandwidtfuired is equal to or slightly smaller than
any multiple of the available bandwidth incremetitg, cost of satellite data transmission may
be more acceptable. This is easier to achieverge laational or regional seismic networks.
The number of seismic data channels that can Insrridted in a 110 kHz frequency band
depends on several parameters: the sampling fdagenamber of bits per data sample
(dynamic range); whether single direction (simplex)i-directional (duplex) links are used;
the overhead bits required for error detectionwéod error correction (FEC), and link
management.

One of the important issues which varies from coumd country relates to the central
satellite recording site (the hub). In some coestrivhere the communication market is open,
a seismic network owner may have its own 'priviatdd directly at the central recording site.
The cost of equipment for such a local hub variesf$80,000 to about $200,000 (in the year
2001). In countries with a more restricted commations market only a shared hub owned
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by a communications company may be available. immdhse, not only is the cost of satellite
communications higher but there will be additionaéts for the communication links from
the shared hub to the seismological central rengrdite. These usually use leased lines and
the costs can be significant, particularly if thstance involved is large. Cost analysis of
different satellite systems is complex and the gwiwary significantly from country to
country. A very careful cost analysis is recommehblefore making any final decision about
satellite links.

A practical problem with satellite links is the a@lely high power consumption of the
equipment installed at a seismic station. In masts, we must consider at least 50W power
consumption for the data transmission equipmemetah site. This significantly exceeds the
power consumption of RF equipment traditionally duse seismology, including spread
spectrum transmitters. It creates the need forelamgays of solar panels at stations without
mains power and for bigger back-up batteries fgivan station autonomy.

Nonetheless, the costs of satellite communicatiares constantly decreasing thanks to
increasing liberalization in the communications kearwhich will encourage the use of
satellite links. No other communication system Has potential of satellite links for high

reliability at the most remote and distant seisstations.

7.3.3 The need for a professional radio frequencyrRE) survey

The design of VHF, UHF or spread spectrum RF tetgmeks in a seismic network is a
specialized professional technical matter. Pracsicews that guesswork and an approach
based on "common sense" usually lead to probleneser complete failure of a project. The
following misunderstandings and oversimplificati@re commonly encountered:

e the amount of data that must be transmitted inns&E®gy is often underestimated.
Seismology requires a much larger data flow (baue)rthan most other geophysical
disciplines, for example several orders of magmitoobre than meteorology;

» the required reliability for successful data trarssion in seismology is also
frequently underestimated. Missing data due toringgions on the links, excessive
noise, spikes, and data errors are particularlyraes/e for networks operating in
triggered mode and/or having any kind of automgtiocessing. With old paper
seismograms and analog technology, spikes, glifcheterruptions and other
‘imperfections’ are relatively easily "filtered buby the seismologist's pattern
recognition ability during the analysis. Howevdre tsame errors, if too frequent, can
make the results of an automatic computer triggerand/or analysis totally
unacceptable;

» a false comparison with voice RF channels is maelgukently. People try to verify a
seismological RF link between two points using wellalkies. If they can
communicate, they expect that transmission of seisfata will also be successful.
Note that voice channels allow a much lower sigoatoise ratio while still being
fully functional because human speech is highlyuretant. Also, the RF equipment
parameters in walkie-talkies and in seismic teleynate very different, making such
"testing” of RF links meaningless.
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another wide-spread belief is that the "line ohsigpetween transmitter and receiver
is a sufficient guarantee for a reliable RF linkisSTmay or may not be true. It is only
certain for very short links up to about 5 km ldngtith absolutely no obstructions
between the transmitter and the receiver (suclslimiay occur in some small local
seismic networks). Fading, i.e., the variationha# intensity or phase of an RF signal
due to changes in the characteristics of the RRatigropagation path with time,
becomes a major consideration on longer links. féad issues in link reliability
calculations are the equipment's gains and lod3Essignal attenuation based on
Fresnel ellipsoid obstruction, and the requiredrfig@ganargin. The resultant reliability
of the link can then be expressed as a time aviiyafor probability of failure or time
unavailability) as a percentage of time in the wonenth of the year (or per year).
During 'time unavailability’, the signal-to-noisatio at the output of the receiver is
lower than required, or the bit error rate (BER)dugital data transmission link is
higher than required. Many parameters are involagtie RF path analysis including
transmitter power, frequency of operation, the auasi losses and gains from the
transmitter outward through the medium, receivdemmma system to the input of the
far end receiver and its characteristics. In littkrauation calculation, the curvature of
the Earth, the regional gradient of air refracyivithe type of the link regarding
topography, potential-wave diffraction and/or reflens, time dispersions of the RF
carrier with digital links, processing gain and kgound noise level with spread
spectrum links, etc. all play an important role.

We strongly recommend having a professional RF esurduring the seismic network
planning procedure. IS 7.1 provides the informatm what preparation is needed if an RF
survey is purchased as a service along with tlseseiequipment.

7.3.4 Benefits of a professional RF survey

The benefits of a professional RF survey are:

* it ensures that the links will actually providesttesired reliability, which has to be
decided beforehand. During the RF survey, the degagameters of the links in a
network are varied until the probability of an aygain the worst month of a year
drops below the desired value. This may requiratiatél investment in equipment,
but it will prevent unreliable operation or may saasome money by loosening the
requirements where appropriate;

* it guarantees the minimum number of RF repeateid metwork. This results in a
direct benefit to the user in having less equipmiEwer spare parts, and in cheaper
and easier maintenance. There will also be lowsrumental noise in the recorded
signals for FM analog networks and a better BERoperance for digital networks.
Note that in most designs for analog FM telemetyery additional repeater
degrades data quality to some extent and alwayeases the network reliability;

* It will determine the minimum number of licensedduencies required in a network
without sacrificing data transmission reliabilifyote that the required number of
different carrier frequencies in VHF and UHF telémean be significantly smaller
than the total number of the links in the netwoillhis prevents unnecessary
pollution of RF space in the country. Use of fedfrequencies also benefits the user
since they are easier to obtain and fewer diffelRfhspare parts are required;
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» the robustness of the entire seismic network gbtthiing threat is significantly
increased by a proper RF layout, for example, draulsl always avoid repeaters
which relay data from many seismic stations becausetechnical failure of the
repeater will result in severe data loss;

» reduced power consumption can be achieved by lesitog the minimum sufficient
RF output of the transmitters. This results in lps#lution of RF space in the
country. The user also benefits from lower powerstonption at remote stations;

* minimizing the heights of antenna masts and th@mim gains of the antennae has
potential for cost saving.

7.3.5 Radio-frequency (RF) survey procedure

An RF survey usually considers the RF equipmertigaised, a topographical profile from
each transmitter site (remote seismic station)aichereceiver site (central recording site or
repeater), local RF path conditions, and the deésiediability of the link. It is based on
decades of experience of transmission statistiom fall over the world and computer
modeling using specialized software. Field RF measents are rarely performed because
they are expensive and time-consuming and thepféea less reliable than calculations. RF
transmission conditions vary with time (diurnal,asenal, weather dependent), vary
unpredictably and within climatic zones. Theordtcalculations include the full statistics of
these variations whereas practical one-time meamnts suffer from unpredictable
variations in fading. However, even if no measumetmeare planned, a communications
expert still has to visit all potential seismicesitduring the site selection procedures to assess
local topography and to check for the existenceaiéntial RF obstacles which may not be
evident from topographic maps.

If the RF link calculation based on a given setngiut parameters does not give the desired
reliability, some of the input parameters must banged. We can change topographical
profile by either repositioning stations or by oducing a new RF repeater. We can change
the antenna type and/or increase their gain. Wdarmapase antenna mast height or increase
transmitter output power (seldom effective) or vem change the RF equipment completely
(significantly more powerful transmitters and/orn@sensitive receivers).

Topographic profiles are usually taken from 1:50.G&ale topographical maps. In most
cases, many more profiles than stations availablbee network are taken and links calculated
before we determine the final RF layout of a nelwéy great deal of this work can be done
before fieldwork starts, but profiling is alwayseged during the fieldwork.

The result of an RF link calculation is shown img.F7.38 with input parameters on the left
and output parameters on the right. The figurenimeally shows an example where there is
a "direct line of sight", but the profile doesgtiarantee acceptable link operation. Note the
curved path of the first Fresnel ellipsoid where fRF energy actually travels from the
transmitter to the receiver. This curvature is nyosiue to the regional gradient of air
refractivity. In the example, this ellipsoid hiteetmountain ridge and causes a significant loss
of energy or possibly link failure.
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Fig. 7.38 Result of an RF link calculation with input paraserst on the left and output
parameters on the right.

For analog VHF or UHF telemetry it is usual to neba time availability of about 99.95%
(equivalent to about 15 minutes of outage of eaghder month) in the worst month as being
marginally acceptable and 99.99% as good. If wears&kF repeater between the seismic
station and central recording site, we have toease the required reliability of individual
sections to give the required reliability for thaiee link.

In digital data transmission, the bit error rateEM is used as a measure of data link
reliability. BER strongly depends not only on plogireliability of the RF link but also on
error detection and error correction methods usedhe RF equipment (modems). For
example, one-directional (simplex) links are geltgrtar less reliable than bi-directional
(duplex) links, even if the RF links themselves afréhe same quality in terms of RF signal to
noise. This is because duplex links allow repe#atausmission of corrupted data blocks until
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they are received without error whereas simpleisliresult in corrupted data, unless forward
error correction (FEC) methods are used. Due toctmplexity of the problem, a precise
targeting of desired BER is usually beyond the samfseismic network projects.

Something similar is the case for spread spectinks Where another factor complicates the

situation. Spread spectrum receivers incorporateafied "processing gain". These receivers
are capable of resolving very weak RF signals, wmay even be a few dB below the RF

noise at the receiver site. However, the problethas the amplitude of the RF noise at the

receiver site is generally unknown. Note that eveew spread spectrum transmitter increases
the background noise in the band of operation efgipread spectrum system and since this
band is open to the public, it is difficult to dret its actual noise. Consequently we will not

know exactly the sensitivity of a receiver, resugtiin a less reliable estimate of the link

availability.

Specialized spread spectrum measuring equipmeaxtiemely expensive. The algorithms

which are used to resolve the sub-noise level Rjfass in the receivers also present a
problem. They are mostly proprietary and therefood generally accessible. Both facts
significantly reduce the practicality of measureiseaf the reliability of spread spectrum

links for seismological purposes.

Fortunately, some spread spectrum equipment manuéas provide special software which
allows easy but approximate link reliability measuents for the transmitters and receivers to
be used in the seismic system. Taking into accawsafety margin due to temporal variation
of RF transmission conditions, one can successfubg these measurements for an
approximate estimate of link quality. However, st difficult to relate these proprietary
'reliability scales' to standard parameters likabpbility of link outage or BER. Nevertheless,
classical RF signal attenuation calculations giMe valuable information about RF energy
propagation over a given topographic profile. Thessults, combined with measurements
using manufacturer's proprietary 'reliability ssal@end practical experience, suffice in almost
all seismometric projects.

The cost of a professional RF survey is generathyrad a few percent of the total investment
in a new seismological network. Practice shows tistbenefits are well worth the
investment. An RF survey is a major step towardéable operation of any future telemetry
seismic network.

7.3.6 The problem of radio-frequency interference

While spread spectrum links are fairly robust, oaflequency interference between a VHF or
UHF seismological system and other RF users isequicommon and difficult problem in
many developing countries. In some countries, #ek lof discipline in RF space causes
unforeseen interference. In others, insufficienimesmance of high-power communication
equipment results in strong radiation from the dodees of powerful transmitters that may
also interfere with seismological links. Army fatds, particularly if they operate outside
civil law, especially some types of radars, freglyemterfere with seismological links. The
risk of interference is very high if seismic stasoare installed at sites which are also used for
other high power RF communication equipment (se@.2}. Extensive use of walkie-talkies
can also cause problems.
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In some developing countries, the use of RF specamnalyzers, which can frequently reveal
the origin of interfering signals, is prohibited feecurity reasons, particularly for foreigners.
In any case, interfering RF sources may appear\wartly intermittently and so are difficult to
detect.

Note that RF interference problems due to indisogpin RF space are generally beyond the
control of a seismic equipment manufacturer anfiogign RF survey provider. They can

only be solved, or at least mitigated, by involvingal RF communication experts during the
very early phases of network planning. These peapdamiliar with the real RF conditions

in the country and can provide better advice thanfareign expert. If a new seismic network

experiences interference problems, only very tediand time consuming trial-and-error

procedures (swapping frequencies of the links aneVHF/UHF bands, changing antenna
orientation and polarization, or even re-positigniaf stations or repeaters) may help.
However, the results are unpredictable. One shaidd be aware that the allocation of
frequencies may change in future and disturbareregdied today may reoccur later.

7.4 Seismic station site preparation, instrument istallation and
shielding

7.4.1 Introduction and general requirementgA. Trnkoczy)

When installing a seismometer inside a buildingyltyaor cave, the first task is to mark the
orientation of the sensor on the floor. This istlmkme with a geodetic gyroscope although a
magnetic compass will often suffice. The magneéclidation must be taken into account. A
compass may be deflected, showing a false readihgn inside a building so the direction
should be taken outside and transferred to theddit@stallation. A laser pointer may be
useful for this purpose. When the magnetic dedbnaits unknown or unpredictable (such as
in high latitudes or volcanic areas), the orieotatcan be determined with a sun compass.
Special requirements and tools for sensor oriaiati boreholes are dealt with in 7.4.6.2.

To isolate the seismometer from stray electricenis, small glass or perspex plates should
be cemented to the ground under its feet. The samster can then be installed and tested.
Broadband seismometers should be wrapped with ck tlaiyer of thermally insulating
material. The exact type of material does not séemmatter; alternate layers of fibrous
material and heat-reflecting blankets are probahly most effective. The edges of the
blankets should be taped to the floor around tie@ysmneter. Further information on suitable
and proven thermal insulation for broadband seisgters, including illustrations, can be
found in 7.4.2.1, 7.4.4.2 and 5.5.3. One has tavi@re that electronic seismometers generate
heat and so may induce convection in any open spage the insulation. It is therefore
important that the insulation fits the seismométghtly.

For the permanent installation of broadband seisetera under unfavorable environmental
conditions, they should be enclosed in a hermetitainer. A problem with such containers
(as with all seismometer housings) is that theyseatilt noise when they are deformed by
barometric pressure. Essentially three precautiames possible: either the base-plate is
carefully cemented to the floor, or it is made sassive that its deformation is negligible, or a
"warp-free” design is used, as described by Holcaamol Hutt (1992) for the STS1
seismometer (see DS 5.1).
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To prevent or reduce corrosion in humid climatessictant (silica gel) should be placed
inside the container, including inside the vacuuefi, lof an STS1 seismometer. Broadband
seismometers may also require some magnetic Shije{dee 5.5.4).

Civil engineering work at remote seismic statiorf®wd ensure that modern seismic
instruments can be used to their fullest potertiakheltering them in an optimal working
environment. Today’s high dynamic range, high Imgaeismic equipment is of such quality
and sensitivity that seismic noise conditions & $ite and the environment of the sensors
have become much more important than in the paetrtArom site selection itself, the design
of seismic shelters is the determining factor i djuality of seismic data acquisition.

Seismic vaults are currently the most common fev seismic stations (see 4.2). They are the
least expensive but suffer more from seismic nbesgsause of their near-surface installation.
Alternatives include seismic installations in abamed mines, in specially constructed tunnels
(see 7.4.3) and in boreholes (see 7.4.5 and 7.4lt&gse have the advantage of high
temperature stability and significantly reducedate and tilt noise because of the significant
overburden. The low tilt noise is of particular ionfance for long-period and broadband
seismometers because of their high tilt and tentperaensitivity (see 7.4.4, 5.3.3 and 5.3.5).
A variety of factors must be considered beforegpgmal technical and financial solution for
a seismic installation is found. These includetifpe of monitoring or research to be carried
out, the kind of equipment to be installed, exigtieological and climatic conditions, already
existing potentially suitable structures and sitgegilable construction materials or alternative
technical solutions, accessibility of and availabkeastructure/power supply at the station.

Various solutions can be employed with equal sugchiich depends on potential future
upgrades of the instrumentation and site, what imgrkconditions are desired for
maintenance and service personnel, and, of coarséhe funds available. Because of these
diverse considerations, no firm design and civijieaeering drawings are provided in this
document. Instead, the general requirements that baisatisfied are described in detail so
that, e.g., in the case of seismic vaults, anyifieslcivil engineer can design the shelter for
optimal performance, taking into consideration lomanditions in a given country and at a
specific site.

7.4.2 Vault-type seismic stationgA. Trnkoczy)

This section describes the general conditions tacdesidered when constructing seismic
vaults. A vault for seismic data acquisition anadnmission equipment should satisfy the
following general requirements:

» provide adequate environmental conditions forettp@ipment;

» ensure the proper mechanical contact of seisemsa@'s with bedrock;

* prevent seismic interaction between the seistrettar and the surrounding ground;

* mitigate seismic noise generated by wind, peopienals, and by potential noise
sources within the vault;

» ensure a suitable electric ground for sensitigeteonic equipment;

» provide sufficient space for easy access andteramce of the instruments.
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These requirements will be discussed in detailvioefo design example of a seismic vault for
a three-component short-period (SP) station togetith its upgrade for broadband (BB) and
potentially very broadband (VBB) seismic sensordl i given, complemented by some
technical hints at the end of this section. Otheangples of vault-type seismic shelters are
given in 7.4.4.3 and even more can be consultedthen web pagehttp://www.qgfz-
potsdam.de/geofon/ia the link “How to get a well-performing VBB $tan?”. Alternative
vault designs of typical ‘classic’ seismometer v®udre given in Figures 4.5b-e) of the old
MSOP fittp://www.seismo.com/msop/msop79/sta/sta.htiallink “Examples of stationsdr
Willmore, 1979), while detailed installation guideds for BB and VBB stations are given by
Uhrhammer et al. (1998).

7.4.2.1 Controlling environmental conditions

Adequate shelter for seismic equipment should:

» prevent large temperature fluctuations in the emeipt due to day/night temperature
differences or because of weather changes;

* prevent large temperature fluctuations in the trasson elements of the vault,
resulting in seismometer tilt;

» ensure adequate lightning protection;

* mitigate electromagnetic interference (EMI);

» prevent water, dust and dirt from entering theltein;

* prevent small animals from entering the shelter.

At very low seismic frequencies and in VBB seismteng air pressure changes also
influence seismometer output. Special installati@asures and processing methods can be
used to minimize the effect of air pressure. Howekes issue will not be treated here. For
more information see Beauduin et al. (1996).

Mitigating temperature changes

In general, seismic equipment can operate in quibgoad temperature range. Most of the
equipment on the market today is specified to fionciproperly between -20 and +50
degrees Celcius. However, this is the operatingoggature range — that is, guaranteeing only
that the equipment functions at a given constanperature within these limits.

Temperature changes with time, particularly diucta@nges, are far more important than the
high or low average temperature itself. Many br@edbseismometers require mass centering
if the temperature "slips" more than a few degi@ekius, although their operating range is
much wider. Even small temperature changes canecpusblems with mechanical and
electronic drifts which may seriously deteriorates tquality of seismic data at very low
frequencies. Unfortunately, the practical sengitiof the equipment to temperature gradients
is rarely provided by manufacturers. Very broadb@i8B) seismometers require extremely
stable temperature conditions which are sometineeg difficult or impossible to assure in a
vault-type shelter. VBB sensors usually requirecsanstallations (see Uhrhammer et al.,
1998). Short-period (SP) seismometers, particulpdgsive ones, and accelerometers are
much less sensitive to temperature changes.
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In general, thermal drifts should be kept acceptabiall by thermal insulation of the vault.

However, the requirements differ significantly. Ntaxim +/- 5 deg C short-term temperature
changes can be considered a target for passiveeiSRP@neters and force-feedback active
accelerometers. To fully exploit the low-frequeratiaracteristics of a typical 30-sec period
BB seismometer, the temperature must be kept aanstishin less than one degree C. To
fully exploit a several-hundred-seconds period VE&Bisors only a few tens of millidegrees C
per month are recommended.

Data loggers and digitizers can tolerate less stabmperatures, i.e., on average, the
temperature change would be ten times greateradhanBB seismometer for the same change
in output voltage. The best digitisers, for exampleange their output voltage less than +/-3
counts in room temperature conditions. If daily pemature changes are less than 1 deg C,
their output voltage changes less than +/-1 coQoa(terra, 1994).

Some elements such as some computer disk driveeetth drives, and certain time-keeping
equipment, may require narrower operating tempegdtlerances. The most effective way to
assure stable temperature conditions is an undergrgault that is well insulated (see Fig.
7.39). Underground installations are also the fuesh number of other reasons.

Thermal insulation of active seismic sensors isedontwo places. First, the interior of the
vault is insulated from external temperatures, sewbnd, the sensors themselves are insulated
from residual temperature changes in the vaulthéhmost critical installations, the seismic
pier itself is insulated along with the sensors.

Underground vaults are usually insulated with attipermal cover made of styrofoam, foam
rubber, polyisocyanuratic foam, or other similapn#hygroscopic insulation material (Fig.
7.39, Figs. 7.41 and 7.42). Such materials arellysused in civil engineering for the thermal
insulation of buildings. They come in various tmekses, often with aluminum foil on one or
both sides. This aluminum layer prevents heat exghay blocking heat transfer through
radiation. Thinner sheets can be glued togethenake thicker ones. Casein-based glues are
appropriate for styrofoam and expanding polyureth@aasin is used to glue polyisocyanuratic
foam sheets.

In continental climates, a 20 cm (8") layer is adased adequate but in extreme desert
climates, up to 30 cm (12") of styrofoam is recomded. In equatorial climates a 10 cm (4")
layer is considered sufficient.

There are two thermal cover design issues thgpantecularly important. Special care must be
taken to assure a tight contact between the vavddls and the thermal cover. If it is not tight,
heat transfer due to convection through the gapseeaily be larger than the heat transfer
through the thermal cover by conduction. This cadauthe insulating effects of the cover.
One way to achieve a tight thermal cover is showfig. 7.43. A "rope" is tightly pressed
into the gaps between the vault's walls and therthlecover as well into the wedge-like gap
between the cover halves seen in Fig. 7.41. Thige'f can be made of insulating fibers and is
usually used for industrial hot water pipe inswatilt is available in different sizes and is
inexpensive.
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Fig. 7.40 Interior of a seismic vault made of welded metaeth. The vault is big enough to
accept weak- and strong-motion instrumentation ttoge with data acquisition and

transmission equipment.
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Fig. 7.41 Thermal cover of a seismic vault in two pieceslenaf thick styrofoam. The gaps
between the cover and the vault walls and betweénfieces must be tightly sealed.

Fig. 7.42 Installing thermal cover in a seismic vault. limates with large diurnal
temperature changes the cover should be positilowegt in the vault where external ground
temperature does not change significantly.

The cover should be placed at or below the deptvhath the ground heats up during the day
— not on the top of the vault. In desert areadasarground temperatures can exceed 80 deg
C. At 30 cm (12") depth, temperatures of 50 deg€rt unusual. In such conditions, the
thermal cover must be placed 40 - 50 cm (16" - 2@lpw ground level. A thermal cover of
any thickness at the top of the vault, particulafighe vault's rim stands significantly above
the surface, has almost no effect.
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Fig. 7.43 Detail of making a thermal cover effective byitfig up the gaps between the cover
and vault walls with insulation material and makthg vault tight against dust, dirt, and rain
during windy periods with a fabric cover.

If vaults are used for BB or even VBB stations (#¥¢elandt, 1990), it is advisable to make a
second inner thermal cover just above the sensbrbblow the floor where all other
equipment is installed (see Fig. 7.44). Since muaintenance work relates to batteries, data
recording, and data transmitting equipment, thenthé and mechanical-sensitive BB/VBB
sensors are not disturbed at all during servidsvis
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Fig. 7.44 Example of a BB or VBB seismic vault with a seggiarcompartment for sensors
and double thermal cover. Usually, the sensorfitseldditionally isolated (see. Fig. 7.50). A
thermal isolation box is usually put around thesses to additionally insulate them.
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Thermal insulation of the seismic pier itself, tdg with the seismometer, is the best method
of insulation (Fig. 7.45). This method keeps thatheansfer between seismometer and vault
interior as low as possible, while at the same tamsuring good thermal contact with the
thermally very-stable ground. Thus, the thermaltiaeof the system is very large, limiting
the rate of temperature changes to a minimum.

A 10— 20 cm (4" - 8") thick sheet of insulating tevgal typically covers the seismometer box
and the entire exposed seismic pier. The seamsebatthe insulation sheets should be well
filled with liquid foam. For details see Uhrhamnegral. (1998).

SENSOR AND PIER
GLUED TOGETHER THERMAL INSULATION

VAULT WALLS

SEISMIC_PIER/VAULT — —
WALLS DILATION BEDROCK

Fig. 7.45 Thermal isolation of a VBB sensor and surroundsegmic pier and mechanical
separation of the pier from the vault walls for thest demanding applications.

Thermal tilt mitigation

Special measures are required to prevent thernfiatrdation and tilt of the seismic pier in a
vault to allow the study of extremely low frequersignals with VBB seismometers. Modern
VBB sensors, the horizontal components in partiguan detect tilts of a few nanoradians. A
human hair placed under the corner of a level falbfield or an air pressure difference of
only 0.1 mbar over a distance of several km wowadse such a tilt. According to Wielandt
(see section 5.3.3) a tilt of about™®0ad would result in a noise ground acceleration
amplitude of 10° g in the horizontal components but only of'1@ in the vertical one.

Homogeneity of the seismic pier and surroundingd, @i well as civil engineering details of
vault design are very important. Uhrhammer et E98) recommend the physical separation
of the seismometer pier and the vault walls (sgs.F.44 and 7.45). This separation assures
that minute changes in the dimensions of the waalls due to temperature change do not tilt
the seismic pier. However, since such seismic saa not constructed "in one piece,"” one
has to be particularly careful that the contactwieen the pier and vault walls is still
watertight.

The seismic pier should be made of homogenous ralaserd neither it nor the walls of the
vault should use any steel reinforcement. Steel emttrete have different temperature
expansion coefficients which cause stress and utedaninute deformation of the structure
of the vault if the temperature changes. Steelnseuessary anyhow because structural
strength is practically never an issue except evary deepest of vaults. Sand aggregates
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used for concrete should be homogenous, fine-giaad, of uniform size rather than of
varying size as in the usual concrete mixture. dhmmer et al. (1998) recommend sieved
sand with 50% Portland cement. After the pier isirpd, the concrete must be vibrated to
remove any trapped air.

Lightning protection

Lightning causes most of the damage to seismicpegemt around the world and lightning
protection is probably the most important factorpmeventing station failure. We know of
several seismic networks that lost half or morg¢heir equipment less than two years after
installation because of inadequate lightning prtiwac Of course a direct hit by lightning will
cause equipment damage despite the best prote€iotunately, this rarely happens. Most
lightning-related damage is caused by inductiorgesirin cables, even when the source is
some distance from the station.

Climatic and topographic conditions at a site vgigatly and determine the degree to which
one should protect the system from lightning. Tecapicountries and stations on top of
mountains are the most vulnerable and thereforain@dghe most lightning protection
measures.

Lightning protection includes the following measaire

» proper cabling that minimizes voltage inductiamidg lightning;

» proper use of special electronic devices to ptosdiccables entering the seismic
vault from voltage surges;

* a good grounding system since no practical liglggnpmotection measure works
without grounding;

 enclose the equipment in a "Faraday cage" eithendking a metal shielded seismic
vault or a loose mesh of ground metal strips arotived vault. This creates an
equipotential electric field around the equipmeéhtis decreasing voltage drops on
equipment and cables during lightning strikes.

If any one of these measures is not undertakergttiess become largely ineffective.

The best lightning protection is a metal seismiglivalhe exterior of the vault should not be
painted so that good electrical contact can be maitle the surrounding soil, thereby
lowering impedance. If the main cover or any otpart of the vault is metal, it should be
connected to the vault's walls using a thick fléxitrained wire.

In any event it is necessary to protect all cablggring the seismic vault. Many high quality
seismic instruments already have internal lightrmgtection circuitry, but these measures
are sometimes not enough for high lightning thregtons. Lightning protection may include
gas-discharge elements, transient voltage suppee@sansorbs), voltage dependant resistors,
and similar protection components.

The lightning protection equipment of the cablesstrhe installed at the point where they
enter the vault. It must be grounded at the sanm path a thick copper wire or strip that is

as short as possible. The unprotected length ofcabie within the vault must be kept to an
absolute minimum.
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All cables entering the vault must be protectedtage surges usually occur in all cables, and
leaving a single long cable unprotected is virfudlhe same as leaving all the cables
unprotected.

All metal equipment boxes should be grounded withiek copper grounding wire or strip (>
25 mnf cross-section) to the same point where the ligigtnprotection equipment of
incoming cables is grounded. Use a tree-shapedrezif@ grounding wires. All these wires
should be as short as possible and without shang.till the cables in a vault should be kept
to a minimum length. No superfluous cables or eueited lengths of excess cable are
acceptable. These are true lightning catchers.

Telephone and power companies usually install tiglgt protection equipment for their lines.
This should be required of them when arranging eéhs=svices. Manufacturers of seismic
equipment can also provide and install such equipmasked.

Note that there is never a 100% safe lightninggutidn system. However, for high lightning
risk regions and for expensive and delicate seiggigipment, long years of practice show
that investing in an effective lightning-protectisystem pays off in the long run.

Electro-Magnetic I nterference protection

The problem of electro-magnetic interference (EMInot normally a very important issue
because seismic stations are generally situatednmote rural locations. However, in such
regions the main power lines can frequently beowf quality. We recommend using mains
power voltage stabilizing equipment in such ca3éss equipment usually incorporates EMI
filters and voltage surge protection, which furtipeotects seismic equipment from failures
and EMI-generated noise. In general, metal seismidts protect equipment from EMI very
effectively.

Some passive seismometers with moving magnets eparate components generate EMI
during mass motion. Since this may influence surding sensors, you should not install
such seismometers too close together. A minimuntamie of 0.5 m (1.5 feet) is

recommended. A simple test can assure you thas d¢adls is insignificant. Disconnect and
un-damp one component, move the seismometer masisabyng it slightly and measure the
output of both the other components. There shoelddcross-talk.

In addition, seismometers should not be placedctose to the metal walls of a vault. This
minimises potential changes in the static magnfeid, which may slightly influence the
generator constant of some seismometers.

Data recording equipment with mains transformemukhnot be installed next to, or on the
same pier as sensors. The transformer may cause moithe seismometer signals either
through its magnetic field or due to direct mechahvibrations at 50 or 60 Hz. The same is
true for magnetic voltage stabilizers, if used la¢ site. Place such equipment in a metal
housing for additional magnetic shielding and ihst@n the wall of the vault.

Water protection
Water entering seismic vaults is probably the sdamost common cause of station failure.
The most effective way to prevent water damageaidtwdrainage (Fig. 7.46). Use a hard

55



| 7. Site Selection, Preparation and Installation of Seismic Stations |

plastic tube of about 3 cm (1") diameter, such sedufor water pipelines. The drainage pipe
must be continuous and have at least a 3% gradbarttcularly in regions where the ground
freezes during the winter. If drainage is impossilals is often the case for deep vaults, water
tightness of the vault is of the utmost importandete that a high ground water level and
porous concrete vault walls more or less guarangger intrusion.

WATER DRAINAGE VAULT WALLS

TRENCH

ASPHALT OR
SILICON RUBBER

DRAINAGE
/ PIPE
METAL MESH ~//

Fig. 7.46 Water drainage pipe and vault trench around ¢issc pier.

Water tightness is easy to achieve if the wallshef vault are made of metal welded from
plain or corrugated iron sheets or from large-ditemmetal tubes, providing the welds are of
good quality.

If the vault is made of concrete and has no wataindge, the concrete should be of a very
good, uniform quality. Water-resistant chemicalsudti be added to the mix to help keep it
water-tight. The concrete must be vibrated duriagstruction to assure homogeneity of the
walls.

The bottom of the seismic vault - the seismic piexr always made of concrete. Once again,
use good quality, uniform-aggregate concrete witlitewresistant additives. The bottom

should have a water drainage ditch (see Figs. &f807.46) around the flat central pier on

which the sensors are installed. For vaults wittergal water drainage, the ditch should be at
least 5 cm (2") deep and 10 cm (4") wide. For theltg without drainage, this ditch should be
larger (at least 15-cm by 15-cm or 6"x 6") so i callect more water.

Making the joint between the vault walls and fleequires special care. Use asphalt to seal
any cracks by heating the concrete with a hotanrdnd then pouring hot asphalt into them.
The cables entering the vault also require speeiad. They are normally installed in a plastic
or metal tube that should fit snugly into the agprate hole in the vault wall. Use silicon
rubber or asphalt to seal any gaps.

In vaults designed for VBB seismometers whose deigiBr is mechanically separated from
the walls, water tightness represents a specidlecigee. Once again use soft asphalt to make
the gap between the walls and the pier watertight.

The upper rim of the vault must be at least 30 trfoft) above the ground. At sites where a
lot of snow is expected, this should be higher,tai0 cm (2 feet). Slush is particularly
troublesome with regard to keeping vaults watettig¥here possible, the surrounding terrain
should descend radially from the top of the vault.
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One practical measure is to create a small "ovgrhahthe top edge of the vault (see Fig.
7.43). This ledge should be about 5 cm (2") outnftbe vault wall. A thick, watertight fabric
cover can be hooked over this metal edging. Thercsvpulled tight to the vault by rope and
prevents water from entering the vault during windiiny periods. It also protects against
dust and dirt and provides some additional theinmgllation.

To minimize the danger of equipment flooding, iisédl equipment, apart from the sensors,
on the wall of the vault or on a raised platform.

Protection from small animals

At first glance the issue of small animals may sesnusing. However, animals frequently
use seismic vaults as dwellings. We have seen semyestrange "seismic" records caused by
ants, grasshoppers, lizards, and mice. Worse, aichals can cause severe damage to cables
and other plastic parts of the equipment.

Tight metal (particularly effective), fabric or tmeal vault covers usually prevent animals
from entering the vault from above. Plastic tubmsciables and drainage should be protected
by metal mesh. Placing metal, wool or glass sherdse free space in these tubes also helps.
Insecticides can be used to drive away ants aret aikects.

In extreme circumstances, animals may be deteroad ¢hewing cables and other equipment
by applying paints developed to prevent animal dgera trees.

7.4.2.2 Contact with bedrock

Good contact between seismic sensors and bedroek hasic requirement. Soil and/or
weathered rock layers between the sensor and t@diewill modify seismic amplitudes
and waveforms.

The depth of bedrock and the degree of weathasfnigyers beneath the surface can be
determined by shallow seismic profiling of the shg drilling (most often too expensive), or

by actually digging the vault. Only rarely will airface geological survey provide enough
information about the required depth of the seisvaiglt (except where the bedrock is clearly
outcropping).

If you choose not to carry out a shallow seismiafife, then expect surprises. You will need
to dig until you reach bedrock, and that can samedi be very deep; a vault may have to be
repositioned and re-dug if weathered bedrock iseextly deep. These risks make the cost of
shallow profiling a wise investment.

A definition of "good" bedrock is necessary wheggiing vaults without a seismic profile.
Unfortunately, the definition is fairly vague, es@dly because some recent studies show that
even a site with apparently hard, but cracked, noely still have significant amplification
compared to true solid bedrock. As a rule of thuhgileod" bedrock is rock hard enough to
prevent any manual digging. If profiles are avd#alP-wave velocities should be higher than
2 km/s.
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Seismic vaults are on average 2 to 6 m (7 to 20 fmep. At sites where the solid, non-
weathered bedrock is outcropping, the requiredhdeptefined solely by the space required
for the equipment. One meter (3 feet) or even lesy be adequate if the requirements
regarding temperature changes associated with at@ klimate allow. On some highly
weathered rock sites, the required vault depth enaeed 10 m (30 feet). In some places a
reasonably deep seismic vault can not reach bedgibak and a borehole installation would
ideally be required. Vaults are sometimes stilldusesuch cases for financial reasons. More
details on borehole installations are given in%.4.

7.4.2.3 Seismic soil-structure interaction and wih-generated noise

The ideas behind the design and construction shseistations have greatly evolved in the
last few decades. The increased sensitivity ofns@mseters and the complexity of seismic
research, based more and more on waveforms, regeigequiet sites and distortion free
records. Sixty years ago, seismic stations werallyssituated in houses and observatories.
Sensors were installed on large, heavy concrets,pieechanically isolated from structural
elements of the buildings, sometimes well abovegtioeind (see Figure 4.2 in the old MSOP;
Willmore, 1979; orhttp://www.seismo.com/msop/msop79/sta/sta.htiallink “Examples of
stations”). Scientists increasingly observed that ihteraction between surrounding soil and
civil engineering structures in such installatieubstantially modified seismic signals during
seismic events, particularly if the site was omtigeely soft ground. Structures swinging in the
wind also caused undesired seismic noise, andgstroitateral wind load or insolation on a
building’s walls or the rock face of seismometenrtel entries caused intolerable drifts in
long-period or VBB records.

Further evidence arose (Bycroft, 1978; Luco et #890) that every structure at a site
modifies seismic waves to some extent. Therefogyt's seismic stations are mostly ground
vaults jutting only a few decimeters (about a fadipve ground level. All buildings, antennae
and other masts are positioned well away from thdt\to minimize the interaction.

In theory, there is no modification of the seismignal by the soil-vault structure interaction
if the vault's average density (taking into accotln@ empty space in the vault) equals the
density of the surrounding soil. However, seisnatisn design is never based on calculated
average densities. The most important factorshate t

* the design is not too heavy, particularly if fugrounding soil is soft;

« all potential buildings and masts are placed afn@y the seismic vault;

» the vault rises above ground level as little assfble to minimize wind-generated
seismic noise.

7.4.2.4 Other noise sources

We recommend that seismic stations are fencedjtddbp fact that fences usually represent
a significant expense. There are a few exceptsund) as stations in extremely remote desert
or mountain sites. The fence minimizes seismic enaiaused by human activities or by

animals that graze too close to the vault. It alsatributes to the security of the station.

The optimal size of the fence depends on severtist
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* density of population around the site and hunwivity close to the station;

» potential agricultural and other activities i thear vicinity;

* the probability of animal interference,;

» general seismic noise amplitudes at the site &etions require a bigger fenced
area);

» seismic coupling between ground surface and bedrNok-consolidated surface
ground and seismometers installed on good bedrib@k @a smaller fence. A very
deep vault has a similar effect.

The smallest recommended fenced area is 10 x 13D 8O feet). In the worst case, a fence
could be 100 x 100 m (300 x 300 feet). A heighalobut 2 m (6 - 7 feet) should be sufficient.
Light construction with little wind resistance iseferable so that wind-generated seismic
noise is minimized.

The equipment and the vault itself can also geaesaismic noise. Equipment that includes
mains transformers or rotating electromechanicamehts like disk drives, diskette drives,
cooling fans, etc. should be installed on the vaall rather than on the seismic pier.

If the vault cover is not firmly fixed to the vauit can swing and vibrate in strong winds,
which can totally ruin seismic records. Be surd tha cover is very firmly fixed to the top of

the vault, as its own weight may not be sufficiemprevent vibration in strong wind. When

closed and strongly shaken by hand, there shouldobglay whatsoever between the vault
and the cover. If there is, it will cause seisnogse during strong winds.

If a seismic station uses an antenna mast, plagellitaway from the vault to prevent seismic
noise being generated by the antenna swinginganmvind. The required distance is usually
between 5 and 50 m, depending on a number of fastarh as:

» the maximum expected wind speed and the probabiliwindy weather at the site

(the higher the speeds and the more often theyaappiee greater the required

distance);

the antenna's height (the higher the antenna, thastjreater the required distance);

the vault's depth (the deeper the vault, the lemidle distance);

» the degree of seismic coupling between sensatsaatenna base (strong coupling
requires larger distances); and

» general seismic noise at the site (very quiessiequire larger distances).

7.4.2.5 Electrical grounding

A grounding system is required for the proper fiomehg of electronic equipment.
Grounding of equipment and cables keeps the ingmmtimoise low. It is also a prerequisite
for lightning-protection equipment and for intedace-free RF telemetry. The grounding
system design is usually a part of the RF link glesn telemetry seismic systems.

A ground impedance below 1 ohm is usually desitednerally, a radial star configured
system, of five to six "legs" with 15 to 20 m (45%0 feet) length each, is required for a
grounding system (see Fig. 7.47). The total lengtihe required grounding metal strips
depends strongly on climate and local soil type &mdwumidity. The strips, made of zinc
plated iron or copper, 3 x 30 mm (1/8" x 1.5") mogs-section, should be buried from 25 to
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35 cm (~1 foot) deep in the soil. In dry regionsyttshould be deeper. The strips should be
straight. No sharp turns (around rocks, for exaple allowed because this decreases
lightning protection efficiency as a result of ieased inductivity of the grounding system.

In arid regions, high deserts, or completely stargas, longer and thicker strips are required.
In these cases, a different approach to groundmaglightning protection is sometimes taken
by trying to obtain an electric equipotential plaak around the station during lightning
strikes. Grounding impedance is no longer the nmogbrtant issue. High lightning threat
regions and very dry or rocky ground usually regairspecially-designed grounding system.

In seismic vaults without metal walls, bury a loosesh made of grounding strips around the

vault and connect them to the rest of the groundygiem. The grid dimension of this mesh
should be around 60 to 100 cm square (~2 to 3stpere).

CABLES

3 X 30mm ZINC
PLATED IRON STRIP
OR COPPER

|

— 15-20m LONG
METAL STRIP

¥'>QSE|SM|C VAULT

25-30cm | P 25-30cm

Fig. 7.47 An example of a seismic station grounding systdote that its dimension depends
on local soil humidity conditions.

At seismic stations with RF data transmission amdersna masts, the star-configured
grounding system should be centered on the anterast, not on the seismic vault. The
seismic vault should be included in one of the legthe grounding system. One of the
grounding strips must be laid exactly above thelesalzonnecting the antenna mast and
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seismic vault (see Fig. 7.47, detail A). This eesuat minimum voltage drop along the cables
during lightning strikes and therefore a minimurduned voltage surge in the cables.

The antenna mast itself should be grounded angpediwith a lightning protection rod. Its
highest point should be at least 1 m (3 feet) alibeehighest antenna or solar panel installed
on the mast.

Note that any grounding system requires periodigice checks because contacts between
the metal parts may slowly corrode. It is recomneehthat the grounding impedance of the
system be checked once every two years. Regulantenaince visits should always include a
check of the lightning protection system and eq@ptrand replacement of any burnt-out
elements.

7.4.2.6 Vault construction

Seismic vaults can be made with metal walls. Pign sheets or corrugated iron can be
welded together, or pieces of large-diameter mafas can be used. We recommend zinc-
plated metal for durability. It is not necessaryntake metal vaults very strong and heavy.
Water tightness is relatively easy with this design

If the vaults are made from thin sheet metal (a @), then pour relatively thin, 15 - 20 cm
(6 - 8") concrete walls around the metal to addregth. The quality and homogeneity of this
concrete does not need to be high because walneigs is not a problem. Locally-available
sand aggregates can be used in most cases. Suth Vawever, may cause problems if
deformation and tilts of the vault due to extetieahperature changes are important.

The walls can also be made of only concrete — iichvbase it is easiest to make the vault
rectangular. Note that the quality of the concratest be good to make the vault watertight,
as explained earlier. Apart from very deep vaudteength is not a problem and therefore no
steel reinforcement is needed.

At sites where accessibility allows, vaults canrbade of the prefabricated concrete pipe
sections used in sewerage systems. They are chdagaa be obtained in different diameters
and lengths. In deeper vaults you can simply sthekn to the required depth of the vault.
Care must be taken to ensure that the joints betweetions are watertight.

The bottom of the seismic vault — the seismic pisralways made of high-quality, watertight
concrete. Special requirements must be fulfilled\8B sensors. More details are given in
7.4.2.1 above.

The depth of seismic vaults is determined by seigsuwogical parameters. Apart from
providing adequate space to put all the equipnteetdiameter is primarily a matter of the
desired ease of installation, maintenance andaervi

For three-component stations with single composensors, between 1 and 1.5 (10 to 15
square feet) of space on the seismic pier is requltess space is needed for three-component
seismometers, three-component accelerometers,sgigie component sensor. If the vault
contains (or will contain in future) three-componhamak-motion and strong-motion sensors,
about 1.5 - 2 M(15 - 20 square feet) is required.
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We have found that a minimum vault diameter fotahation and maintenance is 1.4 m (4.5

feet). If the vault is deeper, a 1.5 to 1.6 m (516 feet) diameter is recommended. Deep
vaults (> 4 m (13 feet)) require a diameter ofeatst 1.6 to 1.7 m (5.5 to 6 feet). Vaults deeper
than 1.2 m (4 feet) require a ladder.

7.4.2.7 Miscellaneous hints

Vault cover design
A seismic vault cover should have the following:

 at least 5% slope so that water drains quickly;

« vertical siding all around that extends at ld&stm (6") below the upper rim of the
vault to prevent rain from entering in windy comnaiits;

* a mechanism which firmly fixes the cover to thewrd and a lock to mitigate
vandalism;

» handles for easy opening and closing;

* be painted a light color, preferably white, thall reflect as much sun as possible,
particularly in hot and dry desert regions.

The metal cover and thermal insulation cover of vhalt should not be too heavy. They

should be designed in such a way that a singleoperan open and close the vault smoothly
and easily. Otherwise, maintenance visits will regjtwo people in the field. For large vaults,

the cover can be designed in two parts, or a sipley system may help.

Alternative materials

As material for a vault cover, metal is less appedp in very hot and very cold climates as it
becomes difficult to handle under extreme tempeeatonditions. UV light-resistant plastic
or water-resistant plywood is a better alternaiivedry regions. Plywood also has lower
thermal conductivity, which improves thermal ingida, and less weight, making handling
the cover easier.

Mitigating vandalism

Experience shows that, apart from political indtgbin a country, most vandalism of seismic
stations is driven by people's curiosity. Therefaeebelieve that a large sign with a short and
easy-to-understand explanation of the purposeebtation and posted at the entrance to the
fenced area, may significantly mitigate vandalism.

Fixing seismometers to the ground

In regions where earthquakes with peak accelematioh 0.5 g or more can occur,
seismometers must be firmly fixed to the seismer,pa common practice with strong-motion
sensors. Obviously, sensitive seismometers areedipduring very strong earthquakes.
However, they should not shift or move during saeebnts otherwise, the sensors will not be
properly orientated for the recording of aftersheck
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7.4.3 Seismic installations in tunnels and mingt. G. Holcomb)

Abandoned mines have been used for many yearsadg-neade quiet sites for installing
seismic instrumentation. In some cases, active mineels have proven to be successful,
even though they may be somewhat noisy as a m@sulining activity during the workday.

Existing tunnels in solid rock provide a low-cagtady-made and accessible facility that often
provides nearly ideal conditions for the instatlatiand operation of high sensitivity seismic
sensors. The bedrock in a mine tunnel is usualBadly exposed, providing an excellent firm
foundation on which to install standard surfacdrumeents. If unventilated, as is usually the
case for abandoned mines, a mine tunnel providesessentially constant-temperature
environment that is ideal for seismic sensors. Ddpg on its thickness, the overburden
above the mine tunnels provides isolation of thensie sensors from the seismic noise that is
always present at the surface of the Earth.

Obtaining permission to use an abandoned mine psopeay be difficult, even for non-
working mines, because the operational organizatiorthe property owners may quite
understandably be reluctant to allow access becafisegal liability. Access to working
mines is usually even more difficult because thditaxhal equipment and personnel involved
in station activities tend to interfere with miniagtivities.

Mines are usually concentrated in mineralized zohds therefore unlikely that an existing
mine will be found near the location of a propossElsmic installation. Tunnels are
sometimes constructed solely for the purpose ofirtktallation of seismic sensors. Digging
tunnels in hard rock is a very expensive endeagoabse tunneling on a small scale is highly
labor-intensive.

In many respects, a tunnel installation is veryilsinto a surface vault installation. A poured
concrete floor or pier is usually constructed oe tbugh bedrock floor of the tunnel to
provide a flat and level surface on which to irdsthle sensors. Despite the improved
temperature stability found in a tunnel, it is Ishecessary to provide adequate thermal
insulation around the sensors themselves in oalezduce thermally generated noise. Some
type of air pressure variation reduction systenals necessary for long period sensors
because the air pressure varies in undergrouncetaindsually, this is accomplished in the
same manner as it is in a surface installatioroatjh sometimes an effort is made to seal off
all or parts of the tunnel itself. Sealing a voluerlosed by natural rock walls is difficult
because most tunnel walls are riddled with fracture

However, there are significant differences betwsamace vault installations and tunnel sites.
Rockfall is a real hazard in a tunnel installatiBoth personnel and instrumentation must be
protected at the actual location of the instrumants along access routes. Another hazard is
the build up of harmful gasses (bad air) undergdatithe tunnel is not adequately ventilated.

The presence of water and high humidity levels ostrunderground passages is a common
problem in tunnel installations. It is very diffitito keep instrumentation dry and the wet
environment is frequently unpleasant to work ineThigh humidity slowly corrodes the
contacts in delicate electrical connectors, whiggtdiently causes poor electrical contact and
intermittent operation. The presence of moistus® alowly degrades the effectiveness of
thermal insulation materials, and precautions rbastaken to prevent moisture accumulation
in the isolation system.
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Access to power and communication lines is usualbre difficult in tunnel installations,
depending, of course, on how far the equipmenlasadl in the tunnel. Frequently, power and
or communication lines must be installed throughinat entire length of the tunnel. In the
case of power, this can be quite expensive if ldistances are involved; either large diameter
cables or a high voltage line coupled with a stepsdtransformer must be installed to ensure
that sufficient voltage is available at the site.

Determining the orientation of an underground eersconsiderably more difficult than in a
surface installation. Usually, one must transferaltready known azimuth from outside the
tunnel to the installation site using standard ewirg techniques. Specially designed
gyroscopic systems can be used to determine thentation underground but they are
relatively expensive.

It is more difficult to provide timing to a tunnsite than to a vault. This is particularly true

for modern GPS based timing systems because thendés between the antenna (outside
thetunnel) and the timing receiver is usually lexit Inline radio frequency amplifiers can be

used for long antenna runs. It is preferable, h@neto place the GPS receiver near the
antenna, e.g., at the tunnel entrance. A seriahecxiion can then be used between the
receiver and the recorder either using RS422 (up kon distance) or fiber optic cable. This

approach has been used successfully in the Svggaldieismic network.

7.4.4 Parameters which influence the very long-period pdormance of a
seismological station: examples from the GEOFON Nebrk
(W. Hanka)

7.4.4.1 Introduction

The goal for a very broadband (VBB) station for GEOFON network is to resolve the full
seismic spectrum from high frequency (regional ¢s)eto very long period (VLP) (Earth's
tides) with sufficient dynamic range. The overaltrument noise should remain below the
New Low Noise Model (NLNM, Peterson 1993) throughahis frequency range. The
GEOFON project (Hanka and Kind, 1994) aims to aahithis goal at minimum cost. This
sets strict limits on costs for instrumentationylvaonstruction and remoteness of the sites.

It is relatively straightforward to get good statiperformance in the high frequency and
medium-period band since the "only" measures ttaken are to get away from man-made
noise sources and the sea shore and find a stateon as hard rock as possible. Good VLP
performance is usually much more costly to achisvee adequate instrumentation and
vaults with sufficient overburden or borehole itistions are necessary. However, there are
certain measures which can be taken to optimizeVikié station performance in shallow
vaults. The parameters to be taken into accourddod VLP performance are:

. Instrumentation

. Installation of instruments
. Vault construction

. Geology

. Depth of burial

. General climate
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The influence of these different parameters wildeenonstrated in the following case studies
from the GEOFON network.

7.4.4.2 Comparison of instrumentation and installaon

Which seismometer to choose?

The longer the period of ground motion to be reedrdhe larger the potential influence of
environmental disturbances, such as temperatureasngressure fluctuations and induced
ground tilts on the seismic recording, and thedarye need for effective shielding against
them. The instrument currently with the best VLRotation is the Wielandt-Streckeisen
STS1/VBB (Wielandt and Streckeisen, 1982; Wielaadd Steim, 1986). It is widely
deployed in the IRIS GSN and GEOSCOPE global ndtsvars well as in some regional
networks (e.g., MedNet). The permanent GEOFON ndtwoses mostly Wielandt-
Streckeisen STS2 and a few STS1/VBB instruments [38 5.1) with comparably good
results. Fig. 7.48 shows the resolution of the SVBB and the STS2 in relation to the New
Low Noise Model by Peterson (1993). The more compahter and cheaper triaxial STS2
has a pass band with a slightly higher low-freqyesmrner (0.00833 Hz instead of 0.00278)
and a significantly higher high-frequency corneadjded lines in Fig. 7.48). Depending on the
properties of the recording system, 50 Hz can gasilreached compared to the 10 Hz of the
STS1. For nearly all sites on Earth, a properlyaltsd STS2 seismometer will give nearly
the same performance as a set of STS1/VBB seisneosnethe maximum long-period
resolution can only be achieved when the seismamate properly shielded.
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Fig. 7.48 A representation of the bandwidth and dynamigeanf a conventional analog
(WWSSN short- and long-period) and digital broadbaaismographs (STS1/VBB and STS2
with GEOFON shielding, respectively). The depictesver bound is determined by the
instrumental self-noise. The scale is in decibeB) felative to 1 m/s Noise is measured in a
constant relative bandwidth of 1/3 octave and regmmeed by "average peak" amplitudes equal
to 1.253 times the RMS amplitude. NLMN is the glolaw Low Noise Model according to
Peterson (1993).
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The GEOFON project exclusively uses Wielandt-Steesdn seismometers. The discussion
above and below reflects this fact and is not atoesement of one make of seismometer over
another. Potential instrument purchasers needablesh for themselves what instruments are
best suited for their own purposes.

The discussion of the shielding efficiency at GEQF&ations in surface or shallow depth
vaults or tunnels in the next Chapter is only basadthe VLP channel plots (sampling

frequency 0.1 Hz) of STS1 records (original or dated from STS2 records by recursive
filtering). The low self-noise of the STS2 allows to effectively simulate STS1/VBB records

down to tidal periods. Fig. 7.49 illustrates th@ng the recordings of a tidal wave recorded
by an STS1/VBB and an STS2. It is difficult to tékle difference between them.
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Fig. 7.49 Tidal recordings of STS1/VBB and STS2 do notatiffery much when properly

installed in a comparable environment. The two dsaavere recorded in the Eastern
Mediterranean in buried vaults in limestone. At thation EIL (Eilat, Israel) an STS2 with

additional GEOFON shielding and at ISP (Ispartaké&y) a set of STS1/VBB are installed.

Installation of an STS1/VBB

Seismometers must be shielded against environmeémnfiglences, namely pressure and
temperature variations as well as magnetic dishabs The proper installation of an STS2 to
achieve good VLP performance is discussed in dataihe next paragraph. Comments on
installing the STS1/VBB are kept short here sints is a well known procedure and is
described elsewhere (Wielandt and Streckeisen,,19@2omb and Hutt, 1992).

The three separate STS1/VBB components are suppitedlifferent shieldings: a permalloy
helmet as magnetic shield (vertical only), an ahum helmet and a glass bell jar for
evacuation. The feedback electronics are placeddaparate container. There are two basic
methods used for the installation of STS1/VBB seisraters. The "conventional” one, also
suggested by the manufacturer, uses a plane dgiteswhich has to be cemented to a plane
pier. The second method, introduced by Albuquer§asmological Lab, uses a warp-free
rigid stainless steel base plate (similar to themahum one used in the GEOFON STS2
shielding) on which the vacuum glass bells andrtetal helmets are installed above the
actual seismometer. The second method is fasteeasiér in practice and gives additional
flexibility (see Holcomb and Hutt, 1992).
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Installation of an STS2

The STS2 is not supplied with any shielding. Alteta components and the electronics are
contained in a single casing. This casing proviaegnetic and pressure shielding to some
extent. Nevertheless, temperature shielding ikistportant in order to obtain longer period
signals with a good signal/noise ratio. This is eesgly important because of thermal
convection generated by heat from the electroiceather sophisticated shielding (see Fig.
7.50 a) was introduced by Wielandt (1990) for thetfSTS2 based network, the German
Regional Seismograph Network (GRSN). The STS2 watalied on a 10-cm thick gabbro
plate covered by an airtight aluminum helmet. Befbeing covered, the STS2 is insulated
with a thermal blanket.

A simpler and more practical approach is used fBOEON stations (see Fig. 7.50 b). This

uses an aluminum casing consisting of a rigid thiake plate (3 cm) and a thinner aluminum
helmet with a cylindrical foam rubber insert. Aglwthe gabbro plate, the base plate can not
be easily distorted by pressure variations andsgitagyether with the foam rubber insert, extra
thermal stability. In addition, this shielding helprevent corrosion and is separated from the
pier or ground surface by adjustable tripod screws.

The GRSN shielding has extra internal cabling arsbeket, whereas the GEOFON casing
does not, and the casing is penetrated by thenali@TS2 cable through a special hole which
is made tight with silicon. The GEOFON shieldingtguaially gives better electrical
performance but has worse pressure integrity. TE®BON shielding is portable and readily
available which are problems with the GRSN shigjdin

Even better thermal insulation then the one dismlissbove can be achieved for both
installation methods when an additional styrofoaox,bcompletely filled with styrofoam
pieces, is used (as shown in Fig. 7.50 b). Theshaxild be tightly glued to the pier or ground
surface and the box lid glued to the box walls raftding with the styrofoam beads.
Depending on the site conditions, this can givadditional order of magnitude in VLP noise
reduction.

=—— fiber wool

4

b sl b e e b pﬂlysh’rﬂl box
stainless steel helmeat oo oe ol R T e

et — : polystyrol seeds
thermal insulation aluminium helmet
- STS2 seismometer e - STS-2 seismometer
@L fubber gasket f ':_f:." rubber foamn insert
el ' mn rubber ring

o —+—— gabbro basaplate )
— aluminum baseplate
« T |lead pads S VI T | P

Fig. 7.50 GRSN (a) (after Wielandt, 2000) and GEOFON typeshielding for the STS2.

Fig. 7.51 shows the substantial LP and VLP noisleicgon which can be achieved even by
an incomplete GEOFON type shielding (aluminum aasinly, no polystyrol box) in the
period range from 30 to more than 10,000 secondseddction of about two orders of
magnitude in terms of spectral power (one ordemafnitude in terms of amplitude) can
clearly be seen between 100 and several thous&isgsands and again around 10,000 sec.
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The GRSN shielding gives exactly the same resultnost cases. It is only in very rare
situations - probably in connection with large @iessure variations — that the performance of
Wielandt's approach is slightly better at periofiseveral hundreds of seconds.
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Fig. 7.51 VLP noise reduction achieved by using the simplersion of the GEOFON
shielding method (no additional polystyrol box dwhds ). The relative noise power spectra
of the vertical component of two STS2s position&bte-4$y-side are shown. No instrument
correction has been applied. The black spectrurfrom the unshielded STS2, the red
spectrum from the shielded one.

7.4.4.3 Comparison of vault constructions, depthfdurial, geology and climate
The harder the rock and the deeper the vault aadrtbre stable the temperature and air

pressure remain in the vault, the better is the YYeRormance of a VBB station. In contrast,
the shallower a vault is, the greater the influenicéne general climate.

Tunnel vaults

corarce— | 1 [

Fig. 7.52 Sketch of an artificial horizontal tunnel constian with different chambers to host

a VBB seismological station. This type of constimetis widely used within the IRIS/USGS

part of the IRIS GSN network. The total length bé ttunnel is approximately 25 m. The
construction cost of such a vault can reach up$& W00,000 depending on local conditions
and infrastructure.
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Fig. 7.52 shows the scheme of an artificial tunrallt which is used at several IRIS/USGS
installations in cases where no other existing tgrdeind facility can be used. The tunnel is
about 25 m long and segmented using four doorddeks). The last chamber contains the
large seismometer pier. Since the tunnels areedrilinto mountain slopes, depth of
overburden is of the order of the tunnel length.

Although the vault construction is identical, th&R/performance at different sites is not.
This is shown by the recordings Easthides in Fig. 7.53. The tunnel of the IRIS/GEOFON
station LVC (Limon Verde, Chile) is built in hardagaltic rock and the traces show
remarkably low VLP noise, while at KMBO (Kilima Mo, Kenya, also an IRIS/GEOFON
site) a soft volcanic conglomerate drastically @ases the noise, especially on the horizontal
components. Another effect which can clearly bensa®e the horizontal components is the
large day-night noise variation. The general temjee increase and perhaps also the
deformation of surface rocks caused by direct saesturing the day, as well as stronger
winds cause substantially larger VLP noise levelsh® horizontals at both sites. This shows
that even this kind of sophisticated and expengiwenel vault construction gives no
guarantee of seismic recordings free of environalentluences.
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Fig. 7.53 Comparison of two 3-component STS1 VLP tracesrl in identical tunnel
constructions but in different geological and cliolagical environments. LVC (Limon
Verde, Chile) is built in hard basaltic rock in @lfdesert environment, KMBO (Kilima
Mbogo, Kenya) is placed in rather soft volcanic glomerate influenced mostly by a humid
tropical environment. Day-to-night temperature ggats are high in both cases.
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Shallow vaults
If tunnel vaults are not affordable, other lessaxgive methods of getting the seismometers
sufficiently buried have to be used. Several casesliscussed below.

Fig. 7.54 compares the recordings made at thréereiiit stations. The depth of burial is only
about 4-5 m in all cases, which is very poor cora@do tunnels. Nevertheless, the moderate
climate at MORC (Moravsky Beroun, Czech Republio)l @t ISP (Isparta, Turkey) gives a
relatively good VLP performance. These vaults awgldbin hard rock and limestone,
respectively. The spikes which can be seen mainlthe horizontal traces are due to human
activity close to the site. In the arctic climatek®8S (Ny Alesund, Spitzbergen = Svalbard),
the more drastic temperature changes cause indradde noise level on the horizontals.
Here, there are also some spikes caused by localhmade disturbances.
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Fig. 7.54 Comparison of three 3-component VLP records illstv vaults (4 - 5 m). At
MORC (Moravsky Beroun, Czech Republic) an STSh#alled in a 1 m wide borehole in
hard rock; in ISP (Isparta, Turkey) and KBS (Ny flad, Spitsbergen) sets of STS1/VBB are
installed in underground bunker vaults in limestoaed weathered rock (permafrost),
respectively.

The vaults at KBS and ISP are very similar: abouh Seep large underground concrete
bunkers with large concrete piers for the instaltabf the STS1/VBB seismometers (see Fig.
7.55 a). The geologies are different: weatherell m@ermafrost (KBS) and limestone (ISP).
The recording system at KBS is located elsewhehdevat ISP, recording is local in a house
built above the vault. A very different constructics used at MORC: a very wide shallow
vertical borehole has been drilled into hard roocll a one-meter wide steel tube placed into
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it, with a concrete floor on the bottom. The STBZEOFON shielding has been installed on
this at about 5 m depth (see Fig. 7.55 b). Hereianlde two other examples of construction
schemes for STS2 stations (see Figs. 7.55 ¢ aradrdyording room hosting all computer and
communication equipment is located above the sarseter vault.

Fig. 7.55 a) Underground bunker vault construction foritietallation of a set of STS1/VBB
(remote recording); b) "wide & shallow borehole'ultaconstruction for the installation of an
STS2; c¢) and d) simple bunker vault constructiomegtes for an STS2. The vault
constructions b - d allow onsite data recordingkisato the existence of a separate recording
room.

Fig. 7.56 shows, again in comparison to MORC, #eordings at shallow vaults in locations
near the equator. At PMG (Port Moresby, Papua Newmé&a) a two-room underground vault
hosts a set of STS1/VBB seismometers. The two-rammstruction is situated in a
sedimentary layer above rock and is comparablaezi with the one at KBS and ISP, but
shallow (3 m) and with a horizontal entrance intee tfirst (recording) room. UGM
(University Gadja Mada, Wanagama, Indonesia) usesyasimple, 2.5 meter deep bunker in
limestone (construction after Fig. 7.55 c¢) with@hS2 and a small open recording hut above.
Both show rather similar results to MORC, espegiah the horizontals. The extreme large
amplitudes at UGM during daytime are caused by muatdivity close to the station.
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Fig. 7.56 Comparison of three 3-component VLP records fisimallow vaults in rock in
different climates. Data from two sites close te tbquator (Port Moresby, Papua New
Guinea, PMG, and Wanagama, Indonesia, UGM) are shiogether with data from MORC
(same station as in Fig. 7.54).

In principle, the VLP station performance is not different at both equatorial sites,
particularly the horizontal components which aré a®good as at a site in a more moderate
climate. The instrumentation and construction detdd not play any significant role in
determining the VLP noise performance.

Surface vaults in moderate climate

The STS2 records in Fig. 7.57 were obtained imgpl& above-surface vault on rock (DSB)
and a very shallow vault in soft sediments (RGN)tiBsites are located in an area with a
very moderate climate and close to the sea. Teryershielding is a little better at RGN due
to complete soil coverage on three sides and umémeter on top. Therefore the general
VLP performance - as seen on the vertical companeist better at RGN, but the horizontals
show large additional distortions during daytimehe3e are most likely caused by
temperature-induced swelling and related up-bendfripe sand hill which is a very typical
behavior for sediments (it can also be seen to saxtent on the PMG records in Fig. 7.56).
This is not the case with rock at DSB. It is renadnlke that there is almost no day-night
variation on the DSB records although the vauttampletely above the surface. This is due
to the maritime climate with very small day-nigatrtperature changes.
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Fig. 7.57 Comparison of two surface vaults in moderate &laron rock and in sediments. At
DSB (Dublin, Ireland), a small surface bunker wasdltin an old granite quarry. At RGN

(Rugen Island, Germany), an old one-room militampker with a thin (< 1m) soil cover on
top is used. Both sites host STS2 seismometersGEHBOFON shielding.

Surface vaultsin arctic climate

The very poor VLP noise performance of surfacei@tatin arctic climates can be seen in
Fig. 7.58, where data from two stations in Greetilare shown. Both vaults are located in
surface wooden huts built on weathered rock, moress open to all kinds of atmospheric
turbulence in terms of air pressure and temperatbamges. The vaults are heated in winter.
This results in about the worst conditions one taagine for VLP noise performance.
Earth’s tides are no longer seen very clearly hadlaily noise variations are large. However,
there is no other choice in these regions. DAGisrie of the most remote places on Earth
where it is almost impossible to build an undergibuault.

7.4.4.4 Conclusions

The VLP performance of a VBB seismological statisndirectly dependent on several
instrumental and environmental parameters. HigHitgueBB seismometers, a true 24-bit
A/D converter and a continuous multi-stream datomding are essential. In the GEOFON
network, only STS1/VBB and STS2 seismometers andn€@ura data loggers are used for
this reason. With the appropriate shielding, theP\fherformance of the STS2 is not much
different from the STS1/VBB. Only in very rare cass extremely quiet sites can the extra
infrastructure, installation, maintenance and foiah efforts related to the usage of
STS1/VBB sensors be justified. The same is truevlult construction. The construction
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scheme itself has not much influence on the stag@formance as long as the depth of burial
is deep enough and the environmental disturbangede reduced to a minimum. With an
adequate casing, a seismometer pier is not requoedhstall an STS2 sensor properly
underground. The geology plays a very importarg.rdhe harder the rock, the lower is the
VLP noise at a certain depth since surface tilissed by atmospheric influences do not
penetrate as deep. Sediments show special tiltiagte, which reduce drastically the daytime
VLP performance of the horizontal components. Theallswer a vault is, the more the
influence of the general climate. In very modecimates, e.g., close to the sea, even surface
vaults can have a reasonable VLP noise level. imnsary: Although the task of establishing
a VBB station that is capable of recording withfsignt dynamic range the full seismic
spectrum from high-frequency regional events uthéovery long-period (VLP) Earth tides
seems to be a very difficult and costly efforgan be achieved with rather simple means.
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Fig. 7.58 VLP records obtained at two surface vaults on e@Gland. At DAG
(Danmarkshavn, NE Greenland) a STS2 in GEOFON diheglis installed in a wooden hut
on weathered rock close to the sea shore. At S&Id(8 Stromfjord, SW Greenland) a set of
STS1/VBB is located in a container-like building top of a mountain. In both cases the
geology is weathered rock in a permafrost enviramme

More details on the installations made at varioB\stations and the comparison of noise
data can be found on the web pate://www.gfz-potsdam.de/geofan/
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7.4.5 Broadband seismic installations in borehold&. G. Holcomb)

7.4.5.1 Introduction

Borehole seismology is a relatively new technoltggt has developed over the last 30 years
or so. In the early years of seismology, installlngeismometer in a borehole was virtually
impossible because of the relatively large physgiaé of instruments. As seismological
technology matured, the instruments became snali@it became more practical to consider
borehole installations as alternatives to surfamealts or tunnels. There are several practical
reasons for placing seismic instrumentation in boles; these include reduced noise levels,
temperature stability and reduced pressure vaitabil

Experience gained over many years of installindhlsbtort- and long-period instruments has
shown that sensor systems which are installed@hd®e usually quieter than those installed
at or near the surface of the Earth (see 4.4. iEhwhy abandoned underground mines are
frequently used as sites for low-noise seismoldgitations. However, abandoned mines are
not always found at the desired location of a seistation. A borehole provides a practical

solution to the need to install seismic sensotepth almost anywhere.

A borehole is also a very stable operating enviremimin which to operate sensitive
instruments because the temperature at depthysstadnle and the pressure in a cased sealed
borehole is very constant. Temperature changegassure variations at frequencies within
the pass band of the sensor system are commonesoofcseismic noise (see 7.4.2.1).
Systems installed on the surface or in shallow tgatgéquire extensive thermal insulation
systems in order to reduce the influences of teatpex to acceptable levels. Similarly,
elaborately designed pressure containers are szhju@ eliminate pressure-induced noise
particularly at long periods in vertical instrum&ntBoth temperature and pressure
considerations have become more important with @tdeent of broadband instruments
because these instruments are sensitive to outgldences over a broader frequency range
thereby making it more difficult to sufficientlyatate broadband instruments from extraneous
influences. A sealed borehole of only moderate ldepbvides excellent temperature stability
because of the tremendous thermal mass and imdrtlee surrounding Earth. Furthermore,
most seismic boreholes are cased with steel casihoge cylindrical walls are quite thick;
this casing constitutes a quite rigid containerjclwhgreatly reduces atmospheric pressure
variations within the borehole (assuming that kbthtop and bottom are sealed).

Boreholes are frequently considered to be expenbwethey sometimes represent the only
practical alternative if an abandoned mine is ndilable. Excavating tunnels purely for
seismological purposes into competent rock deepgnto provide sufficiently quiet seismic
data is also a very expensive solution (see belmwhany cases, a borehole may actually be
the cheapest method for achieving an installaticshepth unless the local manual labor costs
are very low.

One advantage of a borehole installation over dt vauhat there can be much less surface
equipment on site, especially if no recording emept is deployed on the site, say in a
seismic array or small network. This can signifibasave on costs and improve security.
These advantages have led, in some cases, todhs usry shallow boreholes, or postholes,
which are drilled to depths similar to vaults.

It is impossible to state exactly how much it wouglwst to construct either a borehole or a
tunnel type vault because too many factors arelwedo Precise costs will depend on the type
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of material in which the facility is constructedw material costs, local labor costs, etc..
However, here are some examples of approximates dbstt have been encountered in
constructing facilities for the IRIS program ovéetpast 5 to 10 years. In Africa, IRIS has
excavated three tunnel type seismic vaults thatnebdd 25 to 40 meters horizontally into
hillsides. The costs of these three projects rariged approximately US$ 150,000 to US$
250,000. For a typical borehole (100 meter deem)jept costs range from approximately
US$ 25,000 to US$ 200,000 at large landmass siiés boreholes in hard rock being

significantly more costly than in soft soil. On tbther hand, at small isolated Pacific Ocean
island sites, borehole costs are in the US$ 150@QB$ 250,000 range.

7.4.5.2 Noise attenuation with depth

The main reason for installing broadband sensob®rgholes is to reduce the long-period tilt
noise which plagues horizontal sensors installedthen surface. The question commonly
asked by seismologists who are contemplating ahlotganstallation is how rapidly does the
tilt noise decrease with depth and so how deep theeborehole need to be. There is no easy
answer to this question because a borehole neweinates all of the long-period tilt noise
however deep it is. In general, the noise attennatate (db per unit depth) decreases as the
depth increases; most of the noise reduction ogaule upper parts of the borehole.

Fig. 7.59 illustrates the attenuation of long-pértworizontal noise with depth. It shows the
relative power spectral density (PSD) noise levelstained from the simultaneous
deployment of four broadband sensors located dosene another at the same site and
installed at various depths. The first sensor westalled in a small vault on or near the
surface. Three other three sensors were installéreholes at depths of 4.3, 89 and 152 m
below the surface. The site consists of about 1&fnunconsolidated (soft/weathered)
overburden overlying fractured Precambrian grabédrock. In Fig. 7.59, noise attenuation
data points in db relative to the noise level ia surface sensor are plotted for periods of 30,
100, and 1000 seconds. Note the very rapid dec#yeimoise level over the first few tens of
meters followed by a much slower rate of decreaswise levels at greater depths. Note that,
in general, a depth of 100 m is sufficient to aghienost of the practicable reduction of long
period noise.

The data in Fig. 7.59 should only be regarded asxample of noise attenuation with depth.
Apparent surface noise levels at a particular are frequently highly dependent on the
methods used to install the instrumentation. Thiparticularly true of noise levels at many
surface installations where faulty installation bfoadband horizontal sensors causes
excessive tilt noise at long periods.

Choosing the optimum depth for a borehole for di@aar site involves comparing the cost
of drilling the borehole to a given depth againtst desired data quality, the anticipated
surface noise levels (they are frequently deterthimgthe anticipated wind speeds and wind
persistence at the site), and the depth of theboveen at the site. Unfortunately, studies
detailed enough to yield the precise relationsbgitsveen the various factors have never been
conducted. Therefore, choosing the depth of a lmbeefor a particular site usually involves
non-quantitative consideration of the various fexiovolved. Many years of experience has
demonstrated that 100 meter deep boreholes dwtesites with a few tens of meters of
overburden overlying relatively competent bedrockll wrovide a sufficiently quiet
environment for installing a high quality borehadstrument. Most broadband IRIS borehole
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instruments are installed at or near 100 meterthd&oreholes at sites with more overburden
and/or softer lower quality bedrock are sometimespeér depending on construction costs
and anticipated surface noise levels.
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Fig. 7.59 Horizontal surface noise attenuation as a funatiodepth at three selected periods.
The depths were 0, 4.3, 89, and 152 meters.

7.4.5.3 Site selection criteria

There are several criteria for selecting the steaf borehole installation. Ideally, one should
select a site at which the surface background seisaise over the band of interest is as low
as possible. However, there are other factors ssclaccessibility, availability of power,
improved network configuration, the presence ofeasgread thick alluvial fill, and/or the
presence of cultural activity within the monitoracea, which may force the choice of a site
with higher background noise levels.

A good borehole should penetrate well into bedrgttkto 100 meters) (see 7.4.2.2), so the
site should have bedrock at or near the surfacgionize the need to drill through excessive
overburden. If possible, the bedrock should belatively hard rock (see 7.1.2.2) such as
granite or quartzite. Harder, more competent rockdgases the rate of attenuation of surface
noise with depth and also decreases the chancbsrehole collapse during drilling. Soft
rocks such as shale, mudstone, or low grade limestbould be avoided if possible.

Good bedrock is highly desirable for providing tiest results from a borehole installation,
but benefits are still there for boreholes in poa@ck. Note that the first data point in
Fig.7.59 (only 4 meters down) was obtained in ayv&rallow borehole that was drilled
entirely in loose alluvial fill. Therefore, the laof shallow bedrock should not preclude the
consideration of a borehole installation for a jcatar site.
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As with vault and tunnel installations, a relialsleurce of electricity will be necessary to
power the site, a shelter will be needed to hoheedcording equipment, and some form of
communication capability (telephone line, intermeinnection, or RF or satellite link) is

frequently desirable (see IS 8.2). Accessibilityr footh the drilling equipment and

maintenance personnel (see also 7.1.2.4) shoutd Esconsidered during site selection
activities.

Unfortunately, the need to be able to provide ademsecurity is also becoming a major
factor in selecting station sites in many partdhef modern world. There is little point to
investing in a good site if it can not be protedi@mn vandalism. Adequate security has many
different meanings depending on the particularasitun. It may be as simple as a passive
protective fence or as elaborate as alarmed feaog®ntry ways or even an on-site caretaker
depending on the anticipated level of potential dgen

It should be noted that stations on very smalhd$a(such as most coral atolls) do not benefit
from borehole installations because the ground anogjenerated by ocean-wave loading of
the beach penetrates rather deeply into the swdzsurénvironment. For this reason, all
borehole sites should be at an adequate distahtsagh several km) from any coastline.

7.4.5.4 Contracting

Seismic boreholes are usually drilled by a localtactor using specifications supplied by the
organization building the station. Hiring a locallldr helps reduce mobilization and setup
charges, which are frequently a significant portioihthe cost of a seismic borehole.
Specifications should be rigid and specific enot@knsure that the finished borehole will be
suitable for seismology but flexible enough to @t excessive costs. Most drilling
contractors will have little or no experience oiss@ic boreholes and it is recommended that
the contracting agency use an independent expdt wxtensive drilling and casing
experience whose duties include on-site observatnwhsupervision of all drilling and casing
operations. This precaution is advisable to ensiae the drilling contractor performs all
operations according to the specifications becaapartures from specifications are hard to
detect, document, and prove after the projechistied. The contract should be specific about
who is responsible for unexpected difficulties whmight arise during the drilling and casing
operations; courses of action should be specifiegperations are delayed for any reason
whatsoever. These include but should not necegdaitestricted to on-site down time which
might be due to bad weather, shortage of drillingtenals, crew availability, drill rig
breakdowns, loss of circulation, injuries on thé,jalelays in subcontractor availability,
holidays and unexpected changes which might beugered in the quality of the subsurface
rock.

7.4.5.5 Suggested borehole specifications

The drilling specifications for a seismic borehsh®uld be written in such a way as to ensure
that the completed borehole will be suitable foquagng high quality seismic data.
Parameters such as borehole verticality, deptimeler, and casing type must be clearly
specified. It is also important to specify how thgsarameters will be measured during
construction or in the finished borehole.
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Borehole verticality is the specification which linis have most trouble meeting. Borehole
verticality must be specified because all borelsgismometers have only a limited range of
tilt over which their mechanical internal levelingechanisms operate. Therefore, the sensor
package must be aligned within a given tolerancmftrue vertical. This in turn requires that
the borehole itself be aligned within a certainetahce of true vertical. The required
verticality specification will depend on which bbme seismometer is to be installed in the
completed borehole because each seismometer hasgaeumechanical leveling range
(typical examples: CMG-3TB has a 3 degrees rarngeKiS-36000 has 3.5 degrees and the
KS-54000 has 10 degrees). In general, the closevdtfticality specification requirement is to
vertical the higher the cost of the borehole.

The working depth of the borehole is usually spedifas the depth of the open cylinder
within the borehole confines after constructiorcasnplete. The driller is usually left with
determining the depth of the hole to be drilledthe rock in order to achieve the desired
working depth.

Most boreholes are cased with standard casinginsatifields because it is readily available
throughout the world. This casing is usually spedifin terms of its outside diameter (OD)
and its weight per unit length; the combinationtlodse two parameters determines the wall
thickness and in turn the inside diameter (ID) leé# tasing. The seismometer manufacturer
usually recommends a range of casing in termsefifs of the casing in which his sensor
will operate satisfactorily. These two methods $pecifying borehole diameter must not be
confused when writing specifications. As an exangdléypical hole diameters, a KS-54000
requires a casing with at least a 15.2 cm ID wlrerdaequipped with proper hardware, a
CMG-3TB (see DS 5.1) will fit into a slightly smail casing. The specification usually
permits the use of a range of OD’s and weight digations in order to facilitate acquiring
the casing locally to decrease shipping costs.ifmtliwidual threaded casing sections should
be assembled together with a thread sealing congpand enough torque to ensure that each
joint is properly sealed against leakage.

The bottom end of the casing is often equipped witine way valve (called a float shoe) to
seal the lower end against water entry and toifai@l cementing operations. This device
allows the cementing mixture to be forced out @f lottom of the casing and prevents water
from entering the borehole once the cementing djperes completed.

The casing must be firmly cemented to the surraupndock walls of the borehole in order to

ensure good mechanical coupling. The cementingatiper usually consists of pumping a
premixed cement mixture down the inside of themggsout through the float shoe at the
bottom, and forcing it back up to the surface betw¢he casing and the bedrock. This
operation ensures that all of the annular volunte/éen the steel casing and the rock is filled
with cement without voids containing air or liquM/hen return cementing mix is observed in
the annulus at the surface, a cleaning plungeorisefl down the inside of the casing with
water under high pressure. This expels the ceméntcantained within the casing volume

out of the bottom through the float shoe and finakts (locks) the one way valve within the
float shoe to prevent fluids from re-entering.

After the cement has set, it is advisable to regthe driller to perform a leak test to ensure

that the casing has been adequately sealed. Lstukgteisually consists of first pressurizing
the water-filled borehole to a specified presssesgling it off and leaving the pressurized
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borehole for a specified time period. The pressutbkin the borehole should not drop more
than a pre-specified amount.

The upper end of the casing is normally terminatéd a "packoff" device. This assembly is
normally provided and installed by the contractorganization at the time of seismometer
installation. The packoff unit seals the top of Hwehole and provides a means of passing
instrumentation cables into the borehole.

7.4.5.6 Instrument installation techniques

It is a relatively simple operation to install ar&loole sensor but certain precautions are
required. The sensors are usually fitted with tw@bles. The first cable is intended to provide
sufficient strength to lift the weight of the sensmd any extra pulling force required to
removing the sensor from the borehole. This is isuwa steel cable or "wire rope". The
second cable contains the electrical connectionpdaer, control of the various mechanical
operations within the sensor, and to transmit #isnsic signals back up the borehole. For
holes of significant depth, a small lightweightattecally driven winch and mast assembly
can be used to lower the sensor into the hole an@ttieve it if necessary. Lowering and
raising the sensor should be done fairly slowlydose the sensor package sometimes catches
on the casing pipe joints as it moves up or dovenltbrehole. On the way down, this problem
is usually temporary but usually results in a sticeeé fall of the sensor and a sudden stop
when the load-bearing cable becomes taut. If seseorigh, the sudden stop can damage a
sensitive instrument. If the sensor catches orpa mint on the way up, tension in the load
bearing cable rapidly increases to dangerous lelvéte winch is not stopped in time. If the
sensor disengages from the pipe joint while tiengfcable is under high tension, the sensor
will undergo possibly damaging levels of accelemtilf the sensor does not disengage and if
the winch is powerful enough, the lifting cable ngak and endanger personnel.

It is advisable to carry out a dummy run in the ptated borehole using a metal cylinder
with similar dimensions and weight to the seismaneackage. This will help minimize the
risk of damage to or losing the equipment duringtahation. Such a dummy run could be
part of the acceptance procedures for the driltimigtract.

Traditionally, borehole seismometers are rigidlgneped to the inside of the cased borehole
with manufacturer-supplied mechanical hardwarernsuee adequate coupling between the
sensor and ground motion. The hardware usuallyuied a mechanically driven locking
mechanism for clamping the sensor to the wallshef Iborehole. This device sometimes
consists of a motor driven or spring loaded pawt ik extended on command from the side
of the sensor package to contact the borehole apgbsite the sensor (GS-21, CMG-3TB).
Sometimes this function is performed by a sepag@gee of hardware known as a
“holelock” that is clamped into the borehole andvdrich the sensor package is subsequently
placed (KS-36000, KS-54000, and earlier Guralp @e)s In the second case, additional
hardware is sometimes required to stabilize theeupnd of the sensor package (the
centralizer assembly in KS instruments). Mechanatainping mechanisms have been used
successfully for many years and have producedaetiisy data from many installations.

However, many installations of this type producerenlong-period noise in the horizontal

components than in the vertical component. In somthese installations, the horizontals
were orders of magnitude noisier at long periods tthe vertical. The source of the excess
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noise in the horizontal components has been diffiousolate and eliminate. For many years,
it was suspected that some of this noise was somgkaerated by air motion in the vicinity
of the sensor package. Conventionally designed izdvaal components of long-period
seismometers (this includes all sensors with gag#te type of suspension such as the STS1,
CMG-3 series, KS-36000 and KS-54000) are extrenselysitive to tilt because of their
inability to separate the influences of pure haniab acceleration input to the sensor frame
(the desired input) from the signal that arisesiftbe tilting of the sensor package (tilt noise).
Therefore, fairly elaborate schemes for reducimggbtential for air motion around the sensor
within the borehole have been devised and utilétl varying success. Through trial and
error, it has become customary to wrap the senackgge (KS-36000's and KS-54000’s)
with a thin layer of foam insulation in an attemptsomehow modify the flow of heat near
the seismometer in the borehole. In addition, & bacome common to place long plastic
foam borehole plugs immediately above these sqrstkages deep in the borehole and near
the top of the borehole to block air motion in #hesections of the borehole. Additional
insulation, which is intended to further reduce ramtion within the borehole, is sometimes
utilized near the top of the sensor package.

Recently, a highly successful method for signifibareducing the long-period noise levels in
borehole installed horizontal components has beeweldped at the Albuquerque
Seismological Laboratory. It consists of simplyirfidy the entire empty air space below and
around the sensor package with sand. In this tyjpenstallation, none of the auxiliary
installation hardware such as the borehole clampiaghanism or holelock, the azimuth ring,
the pilot probe, the centralizer, the foam plugd/aninsulation are utilized to install the
seismometer. The seismometer package is simplyréalv@nto a bed of sand at the bottom of
the borehole - sometimes, a piece of hardwarectallsand foot is installed on the bottom of
the sensor. A volume of sand is then poured ingobitrehole to a depth extending to the top
of the seismometer package. The volume required maneasily calculated from the
dimensions of the package and the inner diamettredborehole.

Experimental investigations have demonstrateditligeasy to remove the seismometer from
the sand if necessary for maintenance purposesveven the sand is saturated. Normally, the
sand left in the hole from a previous installati®mot removed from the hole prior to the next
installation. Only a fraction of a meter of borehalepth is lost per installation; if necessary,
the sand can be removed from the borehole withvenbole vacuum cleaner that has been
designed at ASL.

This method of installation is expected to reduoezontal noise to levels approaching the
noise level of the vertical component at any paléic site. The horizontals should be

expected to always be slightly noisier than thetiv&gr component because remnant real
ground tilt will always be present regardless oWwhdeep the sensor is installed. To date,
extensive testing at ASL utilizing both KS and CMé&ge DS 5.1) instruments and several
actual KS sand installations in the field have d¢ated that sand does indeed produce
significantly reduced levels of horizontal noiseheTsand installation method has been
adopted for future installations by the IRIS GSKgyam.

One additional advantage of a sand installatiorthet the seismometer package costs
considerably less than for a clamped installation.

One note of caution should be introduced at thisatpdConventional hole-lock based
installations produce very noisy horizontal datthé sensor package is immersed in water or
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another liquid such as motor oil. Therefore, ev&ifgrt is normally made in the field to keep
liquids out of the borehole. Although not thoroughésted to date, sand installations are
expected to provide quiet horizontal data eveinéf $ensor is immersed in water as long as
the water is not flowing.

Determining the orientation of the horizontal comeots of a seismometer installed in a deep
borehole is not a simple matter because one caphysically get at the instrument once it is
installed. One must resort to indirect methodsdietermining how the instrument is oriented.
For the past 25 years, the KS series instrumenaliasons have relied on a gyroscopic
procedure to determine the seismometer orientatsoiollows. First, the hole-lock is installed
in the borehole at the intended operating deptn,tla gyroscopic probe is lowered into the
hole and mated with an alignment slot in the holkl The gyro system determines the
orientation of this alignment slot with respectacknown azimuth (usually north) on the
surface. An adjustable azimuth ring located on lthse of the KS sensor is then set to
compensate for the alignment of the hole-lock $totnorth. This ensures that when the
seismometer is lowered into the borehole and tlyeokethe alignment ring is mated with the
alignment slot in the hole-lock, the sensor is imoath-south, east-west orientation.

This method was considered adequate to determen@zimuth of borehole installations for
many years, but it had some serious shortcominige.riiethod was subject to errors due to
mechanical assembly tolerances and was frequetdtyued by nonlinear gyro drift. The
major problem with the system was the fragile ratof the gyro probes themselves; they
proved to be very susceptible to shipping damage exiremely expensive to repair. In
addition, the manufacturer was not willing to watrais expensive repair work in any way.
Therefore, a much cheaper alternate method of torgeriborehole seismometers has been
developed and is currently replacing the gyro praperoach in programs with limited
budgets.

The new method involves the installation of a hamial reference seismometer on the surface
near the borehole at a known orientation. The @igitecorded output of this surface sensor
is then compared using the coherence and cornelfioctions with the digitally recorded
outputs of the horizontal components of the semsialled in the borehole to determine the
relative azimuthal orientation of the borehole comgnts with respect to the surface
horizontal.

With the advent of sand installations, the horiabntomponents of newly installed
seismometers are no longer being oriented in thevesdional north-south east-west
configuration. Instead, many borehole sensors aneghinstalled at arbitrary azimuths with
respect to north; the alignment of the horizontalh respect to north then becomes part of
the data set. This approach has become feasibdeideenodern computing power and digital
data trivializes the task of rotating the datartg azimuth desired by the data user.

7.4.5.7 Typical borehole parameters
As the result of the SRO and IRIS programs, theee row many broadband borehole
installations in use around the world. Most of thésreholes are geometrically quite similar

because they were designed to accommodate the seismaic instruments. All of these
boreholes are approximately 16.5 cm in diameterraast of them are drilled to a maximum
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of 3.5 degrees departure from true vertical. Theyall cased with standard oil field grade
casing and most of them are watertight.

There is some variation in the depths of these Hmdes. As mentioned above, the vast
majority of seismic boreholes are approximately h@€ters deep. However, some of these
boreholes are considerably deeper if they weréedrih areas with thick overburden or poor
bedrock. For instance, the borehole sensor at D{W¥RI¥Fida) is installed at 162 meters depth
because the overburden at DWPF is approximatelyndters thick and the upper layers of
bedrock consist of interleaved units of varyingdgs of soft limestone. The borehole at
ANTO, which is drilled in competent rock for modtits depth, is the deepest and oldest IRIS
borehole at 195 meters. This was the first fieldehole that was drilled for the SRO
program:. as more experience was gained, it becaparent that boreholes that deep were
not cost-effective. A few of the boreholes are khedr primarily because severe difficulties
were encountered during the drilling operationd thecessitated finishing the borehole at a
shallower depth than originally desired. For examphe sensor at JOHN (Johnson Island) is
at a depth of 39 meters because severe borehddpset were encountered while attempting
to drill deeper. The site is on a coral atoll dimel surface layers are very poorly consolidated;
true bedrock probably lies at very great depthdlilly in volcanic regions often proves to be
very difficult. The borehole at POHA on the islaofiHawaii was terminated at 88 meters
because the drillers experienced severe "lossailation” conditions throughout the drilling
operation. The surface layers at POHA consist diybfractured weathered basalt layers and
basalt rubble separated by scoria rubble, ash flearsd and other assorted debris produced
by an active volcano. Drilling conditions in theles@nic deposits on Macquire Island proved
to be so difficult that it was impossible to contpla borehole.

7.4.5.8 Commercial sources of borehole instruments

Currently, there are only two known commercial sesr of high sensitivity broadband
borehole seismometers. For many years, Teledynde@ean Dallas Texas, USA (now
Geotech Instruments LLC; www.geoinstr.com) was tmy source of high sensitivity
instruments (KS-36000, KS-54000, GS-21, and 201d&signed specifically for borehole
installation. Both the KS-36000 and the KS-5400€ t@iree-component broadband, closed
loop force feedback sensors that are designed é&p dup to 300 meters) borehole
installation. The GS-21 is a conventionally desdyrshort-period vertical deep borehole
instrument intended for superior high frequencyfgrenance. The 20171 is a slightly nosier
and slightly cheaper version of the GS-21. The I€86® is no longer manufactured but there
are many of these instruments still in operatiorbareholes around the world. Recently,
Geotech has introduced a new sensor, the KS-208:hws available both as a surface
package and a 4-inch borehole package.

For the past few years, Guralp Systems Ltd. (wwvalgpudemon.co.uk), Reading, UK, has
been producing a borehole version of the CMG-3E B8 5.1; referred to by some as a
CMG-3TB). This instrument is much smaller and miighter than is a KS sensor; it is also
considerably less expensive. This is a three commtorbroadband, closed loop, force
feedback instrument that is very easy to instalitap Systems has recently introduced a new
borehole sensor that has both a velocity and aelexation output and is integrated with its
own digitizer. In addition, they are willing to womwith the customer to meet any specific
requirements.
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A borehole version of the STS2 has been under dprent for several years. Currently, a
basic prototype of the instrument exists but tlstrument requires further development of the
remote control functions and the final packagingigie is yet to be determined. Streckeisen
has not announced an availability date for the mstvument.

It is somewhat hazardous to quote sensor priceauBecthey are continuously subject to
change by the manufacturer and international cagrexchange rates change daily, but here
are some approximate current relative costs foelome sensors in 1999 US dollars. These
prices should be viewed as being approximate; patemuyers should consult the
manufacturer for a current quote.

A basic Geotech KS-54000 was priced at nearly Us®0®. Additional costs will be about
US$ 40,000 for a conventional installation or abd&®$ 13,000 if installed in sand and if all
the associated installation hardware has been asech However, this price may be reduced
if the instruments are ordered in sufficient quidedi (25 or more). A GS-21was priced at
about US$ 8,000 and the 20171 was around US$ 6d@0be instruments themselves. The
associated hardware (soft electrical cable, wingeyovinch etc.) is additional. Estimated
delivery time for these instruments is 120 daymore after receipt of order depending on the
availability of non-Geotech manufactured parts. Sbhen to be introduced KS-2000 sensor
will be priced at below US$ 10,000 for the surfayestem and the borehole version will
probably be below US$ 20,000.

A Guralp Systems CMG-3TB costs about $28,000 ifitiserument is to be installed in sand;
and about $39,000 for a hole-lock equipped verdimiivery is currently about 9 months but
they are trying to decrease this to about 6 months.

7.4.5.9 Instrument noise

It is important to remember that the purpose dfalliag seismic instrumentation in boreholes
is to obtain quiet seismic data. This will be fdilé the seismic sensor system itself is too
noisy to resolve the lower levels of backgrouncgsemf the Earth which are expected to be
found at the bottom of the borehole. As delivenainf the factory, sensor self-noise levels
sometimes vary over a wide range and some instrismmeny be far too noisy to operate
successfully in a quiet borehole. Therefore, irasommended that the self-noise of all
borehole instruments be measured before installdticensure that they are quiet enough to
be able to resolve the background noise levelgipated at the bottom of the borehole. Self-
noise measurements are usually made by instalimydr more sensors physically close
enough together to ensure that the ground motipuatito all of the sensors is identical. The
data produced by the sensors is then analyzedi¢ontiee the level of the incoherent power
in each sensor’'s output; this incoherent powersigally interpreted as the sensor internal
noise level (see 5.6). To achieve high fidelity oreling of true ground motion, the
seismometer system self-noise level should be bedtiw the anticipated background Earth's
motion levels across the band of interest at ttee si

The low-noise models in Fig. 7.60 can serve aseajes to the instrument noise levels that
may be expected from the CMG-3TB and the KS-54sar systems. In this figure, the
CMG-3TB low-noise model (CMGLNM) is the thin solicthe and the KS-54000 low noise
model (KSLNM) is the thin dashed line. The solidawe line in the figure is Peterson’s
(1993) new low-noise model (NLNM) for the backgrduseismic noise at a quiet site. The
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reader should recognize that there is no singlevknsite in the world whose background
power spectral density levels reach NLNM levelsoasrthe entire band. Instead, the NLNM
is a composite of the lowest Earth's noise levbtained from many sites. Similarly, the low-
noise models for the instruments should not berdaghas being typical of all instruments
because each seismic sensor has a distinct patgoofalits own. Instead, the low-noise
models for the instruments should be regardedasrléimits of instrument noise just as is
the case for the NLNM of ambient Earth's noiseallprobability, individual instruments will

be noisier than the low-noise model for that insent over at least portions of the spectrum.
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Fig. 7.60 Low-noise models for the KS-54000 (KSLNM) and ©BIG-3TB (CMGLNM)
sensor system self-noise relative to Peterson'83j18ew low-noise model (NLNM) for
background Earth's motion.

The CMGLNM plot in Fig. 7.60 is based on a composit experimental test data obtained at
the Albuquerque Seismological Laboratory over agoeof several years. The central portion

(from about 0.6 to about 20 seconds) of the modes wot actually measured because of
numerical resolution limits of the data processatgprithms and this portion of the model is

an estimate. As a general rule, many CMG-3TB imsént noise levels approach the

CMGLNM at short periods (less than 0.6 secondsyefeof these instruments achieve the
indicated noise levels at long periods (greatem @aseconds).

The KSLNM plot in Fig. 7.60 is a factory-derivecetiretical instrument noise level. As such,
it should be regarded as an optimistic estimatid@fower limits of the self-noise in the KS-
54000. Most KS-54000 instruments are probably eoighan the levels indicated by the
KSLNM curve.

7.4.5.10 Organizations with known noteworthy boreble experience
As an organization, Teledyne Geotech (Geotechumstnts — www.geoinstr.com) certainly

has the longest history in seismic borehole teagywlHowever, personnel turnover in the
past few years has significantly depleted Geotedinexct hands-on experience in boreholes.
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Another organization with a long history of borehaxperience is the United States Air
Force Technical Applications Center (AFTAC — wwueatgov). Over the past 25 years they
have deployed many KS instruments throughout thedwMost of these installations involve

multiple sensor configurations deployed in arrdsor to the KS era, AFTAC used the older
Geotech Triax instruments in boreholes at somehefr tarrays. As was the case with
Teledyne Geotech, AFTAC does not have personnél laitg-term borehole experience; US
Air Force personnel tend to rotate in and out efrtduty assignments every two years.

The Albuquerque Seismological Laboratohyt|f://aslwww.cr.usgs.goyhas been deploying
KS sensors in boreholes since 1974 at sites loateder the world and recently has begun
installing Guralp CMG-3TB sensors at some sitese Thboratory has borehole experience
on all seven continents ranging from tropical jengl Brazil to the permafrost of Antarctica.
At ASL, the personnel situation has remained neddyistable and there are several personnel
with many years of experience working with boreBolesome have been at it for over 25
years.

Southern Methodist University (Dr Eugene T. Hereanail: herrin@passion.isem.smu.edu)
has been active in the borehole field off and oerdkie years. Recently they have been quite
active in developing innovative economical methfmisnstalling broadband borehole arrays.

As an organization, Sandia National Laboratoriesvfusandia.gov) has considerable
experience in borehole technology, most notablyth whheir Remote Seismic Telemetered
Network (RSTN) program. However, the lack of couatip in their seismic program has
resulted in the loss of many of the personnel witlal field experience in borehole
technology.

During the past 10 years, the IDA group at the gpwilnstitution of Oceanography at the
University of California, San Diego (www-ida.ucsdugpublic/home.nof.html) has become

involved in land-based borehole seismology as & qfathe IRIS GSN program. They now

have experience in drilling boreholes and deployimgruments at several sites around the
world.

In conjunction with personnel from the Woods Holee@nographic Institute, Scripps is also
leading the US effort aimed at developing pionagborehole seismology techniques for use
on the ocean floor. Independent programs in ocestorn borehole seismology are also
currently conducted by groups in France and Japetalling seismic sensors in the deep
ocean is developing rapidly and we will not attetgpsummarize practices in this field.

7.4.6 Borehole strong-motion array installation(R. L. Nigbor)

7.4.6.1 Introduction

"An important factor in understanding and estimating local soil effects on ground motions
and soil-structure interaction effects on structural response is the three dimensional nature of
earthquake waves. ...For these purposes it is necessary to have available records of the
motion at various points on the ground surface, along two mutually orthogonal directions, as
well as at different depths.”
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These words, published in the proceedings of ttf&1 19.S. National Workshop on Strong-

Motion Earthquake Instrumentation in Santa Barbdalifornia, are echoed in every

important meeting where policies and priorities dndyeen set regarding strong-motion
monitoring. Earthquake engineers and seismologigte agree: borehole strong-motion data
continue to be a priority for better understandifgite response and soil-structure interaction
issues.

This section is somewhat of a departure from mucthe New Manual of Seismological
Observatory Practice, as borehole strong-motioremiasions are primarily focused on site
response and not on the seismic source or wave@atipn path. For engineering purposes,
borehole data in shallow (< 100 m) soils are ofnany importance; these data are used to
study amplification of earthquake shaking in the& kyers. However, borehole data in rock,
especially weathered rock in the upper 30 m, ase ahportant for the understanding of
strong ground shaking in earthquakes. Rock siteenaghow larger variability in measured
ground motions than do soil sites. Examples of sgettumented strong-motion borehole
arrays are the EuroSeisTest Projeotip;//daidalos.civil.auth.gr/eurosgisind the Garner
Valley Downhole Array littp://www.crustal.ucsb.edu/observatories/gyd@he user of this
Manual should consult these references for furihiermation about the details of borehole
arrays and the use of borehole strong-motion data.

As important as borehole data are, many practitiomxperience difficulty designing and

constructing such arrays. As with the more traddloseismological borehole systems (see
7.4.5), strong-motion borehole arrays present &etyaof challenges. Fortunately, much has
been learned about borehole strong-motion instrtmtien and vertical strong-motion array

construction. In the past, borehole systems ragatyived more than two years. However,
today there are many successful, long-term threedsional strong-motion arrays

throughout the world. This accomplishment can ba&ced to better design, to new

instrumentation, to better understanding of théohisal failures, and to improved installation

procedures.

This section is intended to assist with planningl amplementing a successful borehole
strong-motion array. Details of the instrumentai@oe not directly discussed but are available
from the manufacturers of borehole strong-motionstays such as Kinemetrics
(http://www.kmi.con). The sections that follow discuss borehole amp&nning, borehole
preparation, geotechnical/geophysical measuremiasts]lation procedure, and costs.

Fig. 7.61 shows representative borehole array filata the Garner Valley Downhole Array,
Fig. 7.62 is a sketch of a typical, simple borehstimng-motion installation and Fig. 7.63
shows an example of a borehole strong-motion aifagse sketches are meant to show the
various components and terminology that will bedssed in this section.
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Fig. 7.61 Sample borehole strong-motion array data frorm&avalley downhole array,
http://www.crustal.ucsb.edu/observatories/qvda/
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Fig. 7.63 Sketch of a borehole strong-motion array.

7.4.6.2 Borehole array planning

This section focuses on the planning issues relatedborehole strong-motion array
installation. The most important step in implemegta successful borehole accelerometer
system is good planning. Done properly, by the tthee borehole accelerometer package is
actually lowered into the hole (as in Fig. 7.640m8l, 95% of the effort will be complete. The
following are important considerations:

* location;

* geologic implications;

e coupling and retrievability issues;
* sensor orientation;

e system issues.

Location

Borehole data are needed for source mechanism aveé ywropagation arrays, local site
effects arrays, and as free field input to struadtuesponse arrays. The location of the
borehole is principally dictated by the needs @& farticular project and thus the required
array configuration.
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Borehole location and depth will also depend on $ds and depth to bedrock. It is
recommended that external advice or review be oéthior borehole location selection.

Fig. 7.64 Lowering a borehole accelerometer into the casedhole.

Ground-borne noise is not the serious issue thatviith high-gain seismic systems, but it is
still important to minimize non-earthquake vibratsoin a borehole strong-motion installation.
Few man-made signals will penetrate tens of metérsoil, so background noise will be
reduced in a borehole sensor. However, some baglawk shallow, and often the borehole
accelerometer is collocated with a surface serfsor.this reason, the borehole should be
located as far away from cultural (man-made) nem#rces as possible. These include large,
above ground structures, such as telephone poleshvean be driven by wind, vibration
sources such as nearby rock quarries or indugiaals, and roadways bearing large vehicles.

The structure used for housing the recording staitieelf can be a source of coupled soil-
structure vibration and must be designed carefiilhe interaction of large structures with the
soils can introduce noise into the ground motiaor. this reason, the surface accelerometers
should be located at least 1.5H distance away ftarstructure, where H is the height of the
structure.

Within an array of borehole and surface sensors,must optimize the layout with regard to
physical concerns such as cabling and environmentéction. The lengths of surface cables
should be minimized for several reasons. Firstabse of cost. Second, the longer the cable
the greater the potential for damage or introdmctb noise or induced voltage, even if the
cable is shielded and in conduit, and even if thetghtning protection both at the wellhead
box and at the recording station (as there shoe)d The recording station should be located
near the wellhead boxes to minimize cable lengths.
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Finally, it is best if the wellhead box is dry madtthe time although it is assumed that the
borehole itself is full of water and the wellheaukhs designed to be waterproof. The top of
the borehole should be positioned with regard tallevater drainage and preferably not in a
topographic low.

Geologic implications

Specific knowledge of the geology of a site is extely useful during planning in order to
meet project needs and accurately estimate the.cbisé implications of local geology will
depend upon the specific purpose of the borehobeyyaOne should at least understand the
surface geology, the depth to basement rock, antbtal and regional tectonic structure. Fig.
7.65 shows a composite model of the EuroSeisTest Bhis is an example of the kind of
geologic understanding which should accompany aHmde strong-motion array installation.

The best information will come from both a thoroulierature search to find existing
information and then pre-installation geophysicaldges. Once a site is selected, more
detailed geophysical and geotechnical studiesheilheeded for ground motion and structural
response modeling.
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Coupling and retrievability issues

The coupling of the borehole sensor to the surrmgndoil is a critical issue for borehole
strong-motion systems. The goal of the measuremsetat record the particle motion of the
native soil or rock at depth. Care must be takererisure that the borehole installation
minimizes the disturbance of the soil or rock catumhe borehole itself, the casing, the grout
used to seal the casing and couple it to the sndiag soils, the borehole accelerometer
package, and the method used to couple the padkatpe wall of the casing, all can have
some effect on the recorded motions, especiallypef motions approach 1g. The issue of
coupling is related to instrument retrievabilityhieh is the ability to pull out a borehole
sensor if repair is needed. For some borehole sanstallations, a permanent coupling
solution (grouting or cementing the sensor in plgcenay be selected. This is not
recommended as experience has shown that boretmdersfailure does occur. Failure of a
borehole sensor that can not be retrieved not emigils the replacement of the sensor, but of
the borehole as well, and the cost of the borehuten well exceeds that of the
instrumentation.

If permanent coupling of the sensor is essentgihgisome sort of grout, it is advisable to
design the borehole system to have a “weak pointiva the sensor that will break cleanly
when the cable is pulled and leave as little ofdalele as is possible in the hole. If the sensor
fails, it would be possible to abandon the senswol @@ment in a replacement in the same
borehole at a slightly shallower depth.

Removable coupling (locking) methods include bdltk§j the annular space around the
package with some specified material, wedge-typkihg systems, and pneumatic/hydraulic
locking systems. Backfill materials used in thetas/e included sand, gravel, lead shot, and
glass beads. Of these, water saturated sands caxpeeted to liquefy under vibrating
conditions, and lead shot has been found to cald faver time, making retrieval difficult and
even impossible. This leaves gravel or glass b@adsuccessful alternatives. Kinemetrics
recommends the use of a combination of 3mm and §iass spheres as a coupling method;
the company can be contacted for further details.

Several commercial wedge-type locking systems arailable from borehole sensor
manufacturers. Experience has shown that these wolk well in shallower (<50m)

installations, but may become unreliable in deepstallations. Some borehole installations,
such as the 500m borehole sensor installation at Glarner Valley Downhole Array
(http://www.crustal.ucsb.edu/observatories/gydathave used custom hydraulic locking
systems. Some temporary borehole strong-motionosenstallations have used pneumatic
(air-pressure) locking systems with success, iathpressure must be maintained.

Sensor orientation

Another important issue in borehole strong-motitudes is the accurate orientation of the
horizontal components of the borehole sensorshénpast, practitioners have most often
relied on loading poles to manually orient the rnmstent package. Loading poles are
generally square-section tubes which are rigidippcited to the accelerometer package.
During installation, the loading poles are joinedl¢o-end with the painted side facing the
same direction as the others, thereby permittiegotickage to be manually oriented from the
top of the hole. This manual method can work welt ghallow (< 20 m) borehole
installations, but twisting of the poles can inwod large errors for deeper installations.
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Fluxgate magnetometer sensors were first used stiting-motion borehole instrumentation
in the late 1980's by a firm called Applied Geopbysf Los Angeles. At that time, the
compass was used to determine the arbitrary otientaf a slotted end cap installed at the
bottom of the PVC casing by the driller. The matinmagch on a special borehole package was
then rotated and fixed so that, once guided (byitainto position in the slot of the cap, the
package was oriented as desired. This method waensie because of the special
construction and installation of the cap at thetdotof the hole, and the special packaging
required to accommodate the orientation notch.

The current generation of commercial downhole aoeheters (for example, Kinemetrics
FBA-23DH) have provisions for an internal fluxgateagnetometer compass to make
orientation simpler and much less expensive thémeeioading poles or borehole bottom
devices. With this device, one simply observes ¢benpass orientation via a notebook
computer at the surface and rotates the sensoe cailtil the correct orientation is achieved.
Accuracies of 2-3 degrees can be achieved withntleitod.

It is also possible to simply install a downholeeerometer with random orientation and
then to determine the orientation later by comgatire vector orientation of a surface sensor
to that recorded from the borehole sensors. Otientaan be determined after installation by
comparing surface and downhole data, either eaatteyar microtremor. Note that anisotropy
in the near surface soils can produce errors & tifpe of orientation unless the events are
large regional events with significant long-perieagkrgy, i.e., with wavelengths much larger
than the soil depths. Using a known source locatioa orientations can be determinedtto
5° by using linearity of % motions on radial and transverse components (ster And
Shearer, 1991).

System issues

The borehole accelerometer package can not bdl@sstaroperly without consideration of

the overall system, and particularly the recordiegice. Usually, the recording system will
have exceptional dynamic range to take advantadleeofow noise qualities of the borehole
installation and the accelerometer. Therefore,iqdar care must be taken avoid system-
related noise due to improper grounding and otlmenncon problems. Additional issues
include system level lightning protection to prdtetcuitry against large voltage transients.
Many of these system issues have been discussidaihin 7.4.2.1.

7.4.6.3 Borehole preparation

A critical step in a successful borehole acceletemmstallation is the preparation of the
borehole itself. The borehole should be verticaletully drilled, with carefully installed
casing grouted to ensure good coupling of groundiane at higher frequencies. Fig. 7.66
shows a typical drilling site. One can see that tain be a major construction effort.

Planning

Site selection for borehole accelerometers is ofietated by factors other than practicality
for drilling operations. If there is room for adjoeent of borehole location, try to meet or
exceed the following minimum clearance requirements
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* 2m from borehole to any obstructions such as fernealts, or ditches;
e two 10m paths 4m wide on opposite sides of theHmdeefor drilling equipment;
* no overhead power lines

Access to the site should be able to support repeaps with heavy trucks without damage.
If a site is located in soft soils, consider the oswood under the wheels of the drill rig and a
four-wheel-drive water truck. Some sites may regjtire use of track-mounted drill rigs for
access, or heavy earthmoving equipment to helgipodhe drill rig on site. Fig. 7.67 below
demonstrates why these are requirements for andridiperation. Important steps in borehole
preparation are planning, contractor selectionmitéing, drilling, sampling, casing, and
grouting. These issues are discussed below.

Fig. 7.67 Drilling operation in a confined area, showingesof drill rig.
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Water availability is critical for drilling operatns. A residential-type supply is adequate as
long as an on-site water tank or truck is availdblprovide storage for peak demands. If all
water is to be supplied by truck, a water supplyatée of filling the truck quickly should be
located within a 15 minute drive. Disposal of dtdilings and excess water is usually not a
problem in remote sites where the tailings cangreal around the surrounding area to dry.
In urban areas, fluids can be channeled sometimes dirains or ditches, but solid tailings
must be removed. For shallow holes this can be dodeums and a pickup truck, if a nearby
spot can be located to dispose of the tailingsirban areas, a separation cone can be placed
over a waterproof dumpster, and tailings colleciadthe dumpster, to be removed
periodically by a liquid waste hauler with a vaculifintruck. In some areas, drill tailings are
automatically classified as hazardous waste, whimbmplicates disposal matters
tremendously. Be sure to work these issues outréastarting the project. In many developed
areas, this can be a large cost item, easily ge ks the drilling costs.

If multiple boreholes are to be drilled in one lboa, a separation of 6m between boreholes is
generally adequate to prevent damage to a borethalimg the drilling of subsequent
boreholes. This should preclude the possibilitypofeholes drifting laterally into each other
during drilling. Shallow holes may be placed clos®yether by drilling in a line and backing
the drill rig over the most-recently completed hmerotect it from damage.

The time of year chosen to begin a drilling projecty significantly affect the schedule and
cost of a project. Warmer weather is generallyrdéete, as are long periods of daylight and a
lack of rain or snow.

Selection of drilling contractor

The selection of a drilling contractor must be lbhapon a number of factors; perhaps the
least important of these is cost. If geotechnieahgling is to be performed, the contractor
must have the equipment and crews familiar withtggmical drilling practices. The key
item in drilling is experience with the tasks to performed and the equipment to be used.
Drilling deeper (>50m) boreholes is not the plazdave an inexperienced crew. The driller's
reputation for completion of work and quality of skoshould be reviewed. It is strongly
recommended that one obtain references for ardyitontractor.

When obtaining a bid, consider getting separate fmda fixed price per meter and for actual
time and materials used. For deep boreholes, fptask per meter bids may appear more
expensive but can save enormous amounts of moresitie is difficult. In addition, most
companies will send out their best crews on fixattep bids, generally giving faster
completion and fewer complications. In the long,ixed price contracts often save money.

Permits

The drilling of boreholes near aquifers is cargfalbntrolled in many countries to ensure that
ground water sources are not contaminated. Thisralois generally exercised by local
government, often through environmental health depents. Usually the responsible entity
will require the submission of a permit applicatioetailing depth, diameter, location,
property lines, adjacent structures, wells andiseystems; well construction method, owner,
and licensed driller to perform the work, and a d&¢eseveral hundred dollars per well. The
application may require the signature of the landher and the drilling contractor. In
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addition, some regions require copies of the disllecense and a performance bond before
the driller is approved for work. In the US, tydipgrmitting work is as follows:

e submission of permit application and fee;

« after permit application and payment of fee an e@aspr will usually visit the site
before issuing approval of the permit;

e during construction, depending upon location, thepector may visit the site
several times, and may require notification 24 bdaefore grout is to be placed;

e in some municipalities, an inspector must be priedenng the grouting process;

* notifying the permitting agency of the completiohwveells; usually this is in the
form of a drill log which shows lithologic informanh and details of the well
construction.

In other countries, and in rural or remote areamyting may not be needed. However,
permission by the owner of the land will likely teguired in all cases.

Drilling

There are several methods for shallow drillingaiissand rock. The book by Driscoll (1986)
on Groundwater and Wells is a good reference fer \thrious methods. Several ASTM
(American Society for Testing and Materials) Staddalescribe drilling methods as well (see
http://www.astm.orly A good start is ASTM D420-98 “Guide to Site Cheterization for
Engineering, Design, and Construction Purposes.”

Direct rotary or "rotary mud" drilling is the diilg methodology best suited to most
downhole accelerometer installation projects. Orggomadvantage of this method is the
support that the borehole wall receives from th#imy fluid that always fills the borehole.
This method can be performed in both hard andfsaftations, and can be done using fairly
compact equipment. The drilling is performed byatioiy a bit on the end of a heavy pipe or
"drill string”, which is driven down by its own wgit, or by additional downward forces
applied by hydraulic cylinders or chain pull-dowms the drill rig. The bit is lubricated, and
drill cuttings are removed by drilling fluid or "rdti that is pumped down to the bit through
the drill string. The fluid then returns to the faize through the annulus formed by the outer
surface of the drill string and the borehole wdlhis is possible because the borehole
diameter is generally several inches larger in ét@mthan the drill string. As the fluid moves
to the surface it carries with it the particulatbds produced by the cutting action of the bit.
At the surface the fluid is directed into a holdiagea, either a box or dug pit, to let the
cuttings settle out before the fluid is pumped ddkendrill string again.

Speed of completion is important in drilling due ttee potential loss of a borehole by
collapse. Some soil formations will remain open lfmmg periods of time even if the fluid
level drops significantly; other formations will\a in with the slightest provocation, even
when filled with thick drilling fluid. In many insinces, the premium paid to work around the
clock is justified by the savings of not havingrémnove the drill string each evening, and the
reduced risk of borehole collapse during the night.

Drilling is a messy business due to the large velwhwater and mud involved. In a confined
urban space such as an alley, a 100 m borehole tmegdirilled by a truck mounted rig only 8
m long, with an 8m tall tower, with only 1m of cteace on either side of the rig. Water and
drill rod would be transported by a single 6m trué#l cuttings could be contained and
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removed from the site in 200 liter drums or a largentainer. This would be possible but is
far from an ideal situation. In a rural or remotea a 250 m borehole might use a rig 15 m
long, with a tower of 10-15 m, a separate pumpigdl® m long, a 12 m drill string trailer, a
water storage tank, a mud pit 3 by 6 m, and an seearal hundred frto hold cuttings piles
and miscellaneous support equipment. Fig. 7.67 slsmeh a setup.

Installation of a typical 100 mm (4 inch Schedulect 80) PVC casing requires a minimum
200 mm (8 inch) diameter borehole. A larger diametay be used when needed to maintain
a clear hole, but this will increase drilling anagt costs and the potential of damage to the
casing from grout cure heat, discussed furthehénsiection on grouting. Most municipalities
in the USA require a 50 mm (2 inch) annular seabad the casing, and this diameter meets
this requirement. Depending upon the size of thierdy used, this may be drilled in one pass,
or a smaller pilot hole; usually 120 mm (4 7/8 ipnchameter will be drilled first, and all
sampling and geophysical testing will be done i@ piilot hole before drilling again to the
final size.

There is a trade-off between speed of drilling aedicality of the borehole. Since verticality
Is an important issue for downhole sensor instaltat it is important to make the driller
aware of this, and stress that slow steady dridsand perhaps collars attached to the drill
string can help keep the borehole vertical. If yaum get the driller to agree to a tolerance
when doing a contract, this will also help keep ¢hndl rig operator focused on this issue.
Deviations of less than 5° from the vertical areegtable. Larger deviations will affect the
dynamic range of most sensors, unless the instruhasnsome type of auto-leveling device.

Geotechnical sampling

Generally, installation of a downhole accelerometervertical array, is done to understand
the effects of local site response on ground motAxcguisition of soil or rock formation
samples during drilling, as well as geophysicaloinfation, provide a great deal of
information useful in site characterization studidst only can these samples provide clear
indications of the formations beneath a site, larn also be used in laboratory studies to
determine structural characteristics of the fororati

Soil sampling is described by Kenji Ishihara (19863 by Driscoll (1986). Several ASTM
standards also exist for sampling; two importaférences are ASTM D1586-99 “Standard
Test Method for Penetration Test and Split-Bar@ingling of Soils” and ASTM D1587-94
“Standard Practice for Thin-Walled Tube Geotechini8ampling of Soils”, both from
http://www.astm.org

In general, one will use five major categoriesahgle types in borehole strong-motion array

studies, as discussed below.
Bag samplesare simply a collection of drill cuttings carriealthe surface by the drilling
fluid and caught as they enter the mud box orTie accuracy of this sampling method is
influenced by a number of factors including depttin@ borehole, rate of circulation of
drilling fluid, and size of cutting fragments prashd by the drilling process. This method
has limitations, due to the introduction of clagsnh the drilling fluid into the sample, as
well as older material falling off the borehole Wwallowever, when used in conjunction
with a detailed record of drilling rate, bag sanspt&an provide extensive information
about formation.
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Drive_sampling (“Split-Barrel Sampling” or “SPT” sampling) prodegs an intact but
disturbed sample 2.5-5 cm (1-2 inch) in diameterdoying a sample tube into the
formation at the bottom of the borehole. This is@dy removing the drill string and
lowering the sample tube, mounted on the bottom sifding hammer, to the bottom on a
cable. The hammer is then actuated by lifting ammgbping the cable until the sample tube
has been advanced the desired distance. Oftenutnbar of blows to advance a given
distance is recorded to provide blow count (SPTaNw), a measure of formation
hardness. This procedure is time consuming beatusgquires the removal of the entire
drill string from the borehole, but provides sanspieith excellent depth control. This
method is useful only in soils. Fig. 7.68 showsdgpdrive samples.

Fig. 7.68 Drive samples being collected for later laboratessting.

Pitcher samples(“thin-walled tube” samples) produce an undistdrisample 75 mm (3
inches) in diameter and up to 750 mm (30 incha®).Id his technique is used when large
high quality samples are required for laboratostdeand where formations are too hard
to yield results with a drive sampler. Pitcher singpis performed by removing the drill
string from the borehole and replacing the standhétravith a pitcher sample barrel. The
barrel supports a thin wall steel tube on a splragled plunger. The plunger allows the
tube to retract through the center of an annuldsida bit when it reaches the bottom of
the borehole. Drilling then proceeds, cutting anwns. The 75 mm (3 inch) center core
is forced into the thin wall tube. When advancementomplete, the entire assembly is
removed and the core shears off at the bottomeofttim wall core tube. The sample may
then be stored and transported in the tube, ou@ett at the drill site. The original bit is
then replaced and lowered to the bottom of theHmesto resume drilling. This is a very
time consuming procedure, as it requires removimg iaserting the entire drill string
twice, but it yields very good undisturbed soil gd@s. This method is not used in very
stiff soils or rock. Fig. 7.69 shows some Pitch@nples in the field.
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Fig. 7.69 Pitcher samples.

Diamond core samplesare taken in hard formations, usually rock. Thecpdure for
diamond coring is identical to Pitcher sampling;cept that a diamond core barrel is used.
It also cuts an annulus while retaining the centee inside the core barrel. As with the
Pitcher sample, this is a very time consuming piace, as it requires removing and
inserting the entire drill string twice, but is tbaly way to obtain samples in hard rock.
Continuous coring provides a complete undisturleednd of the formations the borehole
passes through. There are several ways of perfgreontinuous coring; one method is
referred to as “wireline” sampling. This, as wedlrost continuous methodologies, allow
for the mounting of a variety of annular bits a¢ thottom of the drill string as well as for
the exchange of the center portion of the bit frartter to sample tube via a lightweight
wireline cable through the center of the drill sxi This permits the retrieval of cores
without removing the drill string. This is a sumerimethodology for deep (>200m)
boreholes where the larger drill rigs requiredupgort it are justified.

Casing

A plastic (PVC, poly-vinyl-chloride) cased borehiaterecommended for installations to 250
m depth. Medium-walled casing (“Schedule 40" in &i8ndards) is acceptable to about 50 m
depth; thick-walled (“Schedule 80”) should be u$edinstallations between 50 and 250 m.
Steel casing is recommended for deeper instalkatida discussed elsewhere in this Manual,
the Kinemetrics FBA-23DH and its associated inatelh equipment are designed for use
with Schedule 40 PVC casing. The bottom of thentpss closed with a slip cap. In the
United States, this casing is typically supplied2id foot lengths with "bell-end” sockets
molded at one end to receive the straight "spigat! of the next casing section. Other sizes
and forms of casing may be used but will requiralifncation of associated installation items.
Magnetic casing materials must not be used in catijon with the flux-gate magnetometer
compass option.

99



| 7. Site Selection, Preparation and Installation of Seismic Stations |

Joining of PVC casing sections is done using aesulglue. A primer is used to clean and
etch the surfaces to be joined before the glug@mdied. Low temperatures can significantly
degrade the quality of a solvent joint, as canptesence of water on the joint surfaces. If
temperatures are below 0 degrees C, a low temperatlvent glue should be used. More
expensive screw-joint casing can be used as amaiive.

Installation of the casing, except in the shallavwesdes, requires filling the casing with water,
sometimes drilling fluid, to negate the buoyancytieé casing column thus allowing the
casing to be pushed down into the fluid filled tbane, usually by hand. In addition, fluid
inside the casing equalizes internal and extermesgures, preventing the collapse of the
casing due to external fluid pressure in deep lmesh(greater than 100 m).

Attempting to push empty casing into a fluid filledrehole with the weight of the drill rig
causes casing to "snake" in the borehole, makinglaommeter installation more difficult, as
well as increasing the risk of damage to the tofhefcasing section being forced down or by
telescoping an uncured glued joint.

Joining PVC casing by the use of screws in conjonawith gluing is not recommended, due
to the potential for protrusion through the intenwall and subsequent damage to the cable
during installation, as well as providing a pathr feakage of water out of the casing
following installation. If screws are used, onlgistess steel screws set partially through the
casing should be used. Pilot holes should be driltethe casing after gluing to prevent
fracturing of the casing during screw emplacement.

Grouting

Grouting the well casing involves filling the anaulspace between the casing and the
borehole wall with a suitable slurry of cement dayc For borehole accelerometer
installations it is critical that this process isn@ with care, to ensure that the casing is well-
coupled to the native soil or rock.

The grout is pumped into place through a small éi@mpipe, usually a 25mm (1 inch)
galvanized steel called a “tremie tube”, lowereid ithe borehole between the casing and the
borehole wall. When the end of the pipe reachedtt®m of the borehole, drilling fluid is
circulated through the tremie tube to establisiearcpath for the grout, and to clean the
bottom of the borehole of any settled material. §haut is then pumped down to the bottom
of the borehole, where it displaces drilling flodt of the top of the borehole. The pumping
may be done by the pump on the drill rig, or byepasate grout or concrete pump. When the
drilling fluid is completely displaced and groutflewing from the top of the borehole, the
pump is stopped and the tremie tube withdrawn,sdm@abled and cleaned. Many U.S.
municipalities require that the volume of groutgald be recorded and that it meet or exceed
the volume calculated for the annulus. In some dmepholes, grout will be placed in several
separate loads or "lifts" to reduce the pressuexted on the pipe by the liquid grout, as
discussed later. This is usually scheduled asitirgel day.

Local codes usually require a sanitary seal of cgrgeout in the top 15m of a well, and seals
between all aquifers penetrated by the well. Tiewareas may be filled with sand or gravel,
but it is generally cheaper just to fill the entenular space with cement grout. This will also
make the eventual abandonment of the well (whichreguire another permit) much simpler.
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Common grouting practices primarily center on tee af cement and water (“neat cement”),
although the slurry may also contain sand, bergoglay, or hydrated lime in certain
situations. For downhole installations a mix of K@@20 U.S. sacks) of Portland cement type
A or B per cubic meter of grout works well. Additi@f 5kg of bentonite clay per cubic yard
will ease the pumping of the grout into deep bolefo

It is important to recognize that cement groutsriegeeater collapse pressure on casing than
water or drilling fluid. Installing grout 60m attane for Schedule 40 PVC pipe provides a
safety margin against casing collapse for the addiedt of softening of the pipe by the heat
of cure of the grout.

Other methods of placing grout, for example throagbne-way valve in the bottom of the
casing, are sometimes used but are generally cmesido be less reliable. Be sure that the
drilling contractor is completely comfortable witthatever method is to be used.

7.4.6.4 Geotechnical/Geophysical measurements

The primary motivation for installing downhole atmemeters is to increase understanding
of the contribution of site response to the eardkguground motion. Often the measurements
of site response will be accompanied by analytgtatlies. Detailed understanding of the
subsurface geology and soil/rock properties is s&ay for such analytical studies. A good
example of the kinds of site characterization daaded for strong-motion site response
studies can be found in the ongoing project “Rdswiuof Site Response Issues in the
Northridge Earthquake — ROSRINE” (det#p://geoinfo.usc.edu/rosripe

The basic site geology provides the primary desionpof the site. Information obtained
during drilling (through observation and soil sammlollection) will augment any prior
geological knowledge of the general area. Normdalodatory testing of soil samples
(disturbed or undisturbed) will confirm soil/rockpes. Borehole and surface geophysical
measurements can also assist in determinationeofjsology.

In addition to the site geology, dynamic soil andkr properties are needed for modeling of
earthquake site response. The primary modelingeptigs are density, dynamic modulus, and
damping (Q-value). The latter two properties arenlinear functions of strain. These
properties are obtained by laboratory testing afistarbed samples and by one or more
surface or borehole geophysical measurements af-stwve velocity.

This Chapter gives a brief overview of the most own geological and geophysical
measurements used in conjunction with boreholel@arueter installations to determine site
geology and dynamic soil/rock properties.

Literature search

In most populated areas there will have been pusvigeological studies of the region and
perhaps even local environmental, ground watemplanning studies. These can contain a
wealth of information that will assist in site resise studies. Planning for a borehole
accelerometer installation should include a thoholiterature search for such previous
studies.
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Potential sources of information on a regional $ase government geological or natural
resources agencies. An example is the U.S. Gealo§uarvey. For local studies, sources of
information are the local government planning agerlocal universities, private water
companies, and even local water well drilling compa. A literature search can be a very
inexpensive source of information on site geology a@&ven subsurface soil and rock
properties.

Pre-installation geophysical studies

Before site selection and borehole drilling, geaptgl methods can be used to obtain a more
detailed understanding of the site geology and wtidbse properties. A good review of
methods for site characterization is found in ASTandard D420-98 “Guide to Site
Characterization for Engineering, Design, and Quoietibn Purposes” and in ASTM Standard
D6429-99 “Standard Guide for Selecting Surface @Ggsigal Methods” (see
http://www.astm.or)y For borehole strong-motion array applicatiomsnmon methods are:

» seismic reflection;
» seismic refraction;
» resistivity profiling;
e cone penetrometer.

Seismic reflection and refraction are two techngjder using surface measurements to
determine the seismic wave velocity structure ef $hbsurface geology. Both use a surface
source of energy (mechanical or explosive) andunséntation for measuring travel times of
seismic waves at various distances from the sounserse analysis of these travel times
provides an estimate of the seismic wave velocifesil and rock layers. These methods can
provide a cost-effective determination of genew@l/®ck layer properties, bedrock depth,
and water table depth over a wide area.

Resistivity profiling is another surface technidoe measuring the electrical properties of the
subsurface geology. The electrical field from dae AC or DC current source is measured
at several locations. Inverse analysis is then tisexstimate the resistivity of the subsurface
soil or rock. This method can assist in both shal{e 100 m) or deep (> 100 m) geological
studies of a site.

The previous methods have all been noninvasivasertechniques. Initial geological studies
of a potential borehole accelerometer site can mslude the invasive techniques of cone
penetrometer studies. These allow detailed soi/tgge determination at a specific location.
A cone penetrometer (a metal probe pushed intsadilie can also obtain information about
shallow (< 30 m) soils. Exploratory drilling cansal be used in these initial site
characterization studies.

Lithology logging

An experienced geologist should be present duriignd to determine the soil and rock
classification. This is done by observing the drilttings, the samples, and the action of the
drill rig. A good procedure for such lithology logg exists in the ASTM Standard D5434-97
“Standard Guide for Field Logging of Subsurface Bxgtions of Soil and Rock” (see
http://www.astm.ory
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Laboratory testing of soil samples
Samples obtained during drilling are useful in deiaing the soil type and soil properties.
Basic geotechnical soil properties can be deterhioyesimple laboratory testing, including:

e moisture content;

e dry density;

e LL/PL; and

* void ratio (porosity).

These simple soil measurements can be performeshdst commercial or university soil
laboratories.

Dynamic laboratory testing, however, requires almmore skilled and specialized laboratory
and very high quality undisturbed samples. Dynamioperties of primary interest for
earthquake site response analysis are soil shedulosoand material damping ratio (in shear)
and their variations with:

* shear strain;

« effective confining pressure;
« loading frequency;

* loading duration; and

« number of load cycles.

Dynamic testing should be performed using triaxiesonant column, simple shear, or
torsional shear methods. Appropriate strain ranfgesearthquake response studies are
0.0001% to 0.1%. Appropriate frequency ranges dtklz<to 200Hz. Further details of

dynamic testing can be found in the book Soil Béahavin Earthquake Geotechnics by
Ishihara (1996) and other textbooks on soil dynamic

Borehole geophysical measurements

There are many geophysical measurements availableh&racterization of the soil and rock
properties in a borehole. These can measure chiraleatrical, radiation, and mechanical
properties. All require specialized instrumentateomd a skilled, experienced field geophy-
sicist.

The chemical, electrical, and radiation properéiesgenerally not of interest in an earthquake
site response study, except as they are usefudtarrdining soil and rock types. Sometimes
resistivity and natural gamma emission measurementan uncased borehole (before
installing PVC casing) can be useful in determiniogindaries of clay, sand, and rock layers

Of particular interest to site response studiestlaeemechanical properties of the soil and
rock, primarily the P-wave and S-wave velocitiessus depth (velocity profile). Borehole
methods for velocity profile measurement are:

» downhole (vertical seismic profiling);

* crosshole; and
e suspension.
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All three methods use a mechanical or electromecabhsource to produce seismic waves,
and one or more sensors (generally geophones) amtaading system to measure the
induced ground motion. Details of these methodshsafound in the book by Kenji Ishihara
(1996).

For the downhole test, an impulsive energy soutcéh@ surface near the borehole top
produces seismic waves which propagate radiallgs@&tcan be either P waves or SH waves,
depending upon source configuration. One or mons@s are installed in the borehole at
known depths. The source and sensor signals aoedest; and the travel time of the first
wave arrival is measured as a function of deptle ifistantaneous slope of the travel time vs.
depth curve is the reciprocal of the wave veloattyhat depth.

Fasolution of Site Response Issues
In Naorthridge Earthguake (ROSRINE) Praject
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Fig.7.70 Velocity profiles for P waves (red curve) and &v@s (blue curve) at a
strong-motion site.
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The crosshole test requires two or three adjacergholes separated by known distances. A
source is installed in one borehole and receivetka others, all at the same depth. The travel
time of the generated seismic waves between bashisl measured, and the velocity
calculated by dividing the separation distancedgpth) by the travel time. This method
requires careful control over the source and recedepths, and detailed measurement of
borehole separation versus depth. Both the downaiote crosshole methods are normally
performed in cased boreholes. The suspension metioskver, can be used in either cased
or uncased boreholes. It consists of a single pedlmit 5 meters long, with an impulsive
source at the bottom and two sensor sets ("recveear the top, separated by 1 meter. The
source transmits energy through the borehole fliwdthe borehole wall where it is
transformed into both P and S waves. These aretddtby both receivers, and the difference
in arrival times is measured. Dividing the 1 meteparation by the travel time differences
gives the P- and S-wave velocities for the 1 migterval between sensors. Fig. 7.70 above is
a plot of a velocity profile measured with the sersgion method.

7.4.6.5 Installation procedure

This section describes the careful installation afdownhole strong-motion sensor.
Accompanying this procedure will be a procedure ifestallation of the surface sensors,
surface cabling, recording station, and other stftecture; these are discussed in more detalil
in earlier sections of 7.4.

Discussed below are sensor installation, orientatiperational checkout, evaluation period,
coupling/locking, and documentation/reporting.

Sensor installation

After completing functional tests of the sensor tkellhead box, the cables and recorders,
and calibrating the internal compass, the borepalgkage can be installed. The following
procedure assumes a standard installation of anketrecs FBA-23DH sensor with glass
beads or gravel, and the internal compass for t@tiem. Installation for other downhole
strong-motion sensors will be similar.

If not already done, the borehole should be fillgth clean water to within 6m of the top.
Filling completely will make installation easiemse the water gives the cable near- neutral
buoyancy, allowing a single person to handle thgyleln any case, consideration must be
given as to where the displaced excess water willgen the package and cable are lowered
into the hole.

This is the main reason a drain should be providedhe wellhead box, even though it is
sealed from weather, and also why sufficient slsgiace cable should be provided in the
wellhead box to allow the contents of the wellhéad to be temporarily moved out of the
way. In a sealed system, it would be best if th@dwere sealed off after performing this
function, to prevent moisture from entering thellvehd box after installation is complete. If
the borehole has already been checked, the paclkagee lowered smoothly using the cable,
being careful not to allow the cable to slip awiig. 7.64 shows this procedure in action. It is
good practice to have a second person feedingaihie t the person lowering the package.
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If the borehole has not been checked previouslye should be taken to "feel" for any

constrictions in the casing which could signal piag of the package. If such is felt, it is wise
to move slowly, and then try coming back up evestanor so until the obstruction is passed.
Check the total depth of installation by using thepth markers provided on the borehole
cable (if available). Continue until the sensaresting on the bottom of the borehole.

Orientation

This procedure assumes an internal compass iretisos package. Once the sensor package
has reached the bottom of the casing, apply powehdé compass and rotate the package
using the cable until the desired orientation &ched. Feed slack cable into the casing to help
hold the sensor in position. Allow the packagedst on the bottom to get a steady reading,
and measure the accelerometer offsets. Recordfgetsocarefully.

The acceptable DC offset depends on the final gaxpgcted to be used with the system. If
possible, it is desirable to keep the offsets &s lthan 25 millivolts. To accomplish this,
compensating offsets will usually need to be apiitecounteract the combination of residual
factory offsets and vertical misalignment of theing at the bottom of the borehole. In other
words, if an offset of +150 millivolts is recordéat the horizontal sensor oriented east at the
bottom of the hole, then when the package is rechdwethe top, the offset for the same
sensor must be mechanically adjusted so that -ili@otts is added to whatever the offset is
before the adjustment. This must be done caregdlythat the package orientation doesn't
change from the beginning of the adjustment tcetiek This is where some sort of test fixture
is helpful to hold the package steady. This prooedoay need to be repeated in order to get
it right. In fact, expect to repeat this procedoree more after 30 or 60 days of operation
before installing the backfill material, after treensor has adjusted completely to the
temperature at the bottom of the borehole. Thisiireg opening the sensor package which
can be difficult in field situations. Requiring tdeller to produce a vertical borehole within a
predetermined tolerance can often avoid this.

Operational checkout

Once the package has been installed and orientdd agceptable DC sensor offsets, one
should connect the recording system and checkrimpgr sensor operation. This operational
checkout should follow manufacturer’'s proceduresl eesults of the system test should be
compared with the factory reference test.

Evaluation period

It is recommended that the array be operated fl@aat 30 days and as much as 60 days prior
to installation of the backfill material. This ped is needed to eliminate any initial startup
problems, and allow the sensors to achieve stetadg temperature response. During this
period, the sensor package will rest at the bottdrthe borehole. While this is inadequate
coupling for large earthquakes, it should proveqadée for small events.

Preamplifier gains in the recording system sho@dét 10 to 100 times higher than normal in

order to record as many small events as possiblagithis initial test period. Data should be
reviewed, and the sensor removed and checked ipajems or questions arise.
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Coupling/Locking

Once the downhole accelerometer has functionedepisofor a period of 30 to 60 days, it is
time for installation of the coupling or locking\dee. If a permanent locking method (i.e.,
grout or cement) is to be used, one should cayefaltall the locking material without
disturbing the sensor orientation. If a wedge-typgeumatic, or hydraulic locking system is
used, it should be tightened to final specificasioli sand, gravel, or glass bead backfill is
used, proceed with backfilling. Resist the temptatio pull on the cable afterwards to
confirm the security of the system. It is possitdeshift the package enough to disturb the
orientation, and not be able to get it right withpulling it out, or you could lose backfill
material to the bottom of the borehole. It is betitetrust the process, and assume the material
Is in position. The proof is in the results.

Documentation/Reporting

Excellent documentation is very important to presethe details of construction and
installation for better interpretation of the datost important is the proper organization and
use of calibration data. It is suggested that an&ddrCommissioning Report be created to
preserve this installation information. Photograpdocumentation is also important. All
documentation should be preserved along with the fda use in future data analyses.

7.4.6.6 Costs

A borehole strong-motion array can be quite expensvhen all the needed work is
considered. Besides the cost of instrumentatioarettare the planning, preparation, site
studies and installation costs. One could omit sofmie planning and site characterization
costs (this is often done), but at a significandtaa understanding of the resulting strong-
motion data.

Costs will vary considerably in different parts thie world. With this proviso, below is a
commercial cost estimate for a representative lwmdeettrong-motion array with one borehole
at 100 m depth and one surface sensor. The ye@r@as in US$ in the U.S./California are:

* Instrumentation (one borehole accelerometer, omtac accelerometer, one 6-
channel seismograph) - $20,000;

» Downhole sensor cable - $4,000;

* Array infrastructure (power, enclosures, commumicet, etc) - $10,000 ;

» Planning and initial studies (includes one seismiraction line) - $10,000;

* Borehole preparation - $15,000;

» Geotechnical/Geophysical Studies (includes lalingstf soils) - $15,000;

» Array construction and installation - $10,000;

TOTAL COST = $84,000.
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Recommended overview reading&ee References under Miscellaneous in Volume 2)
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