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ANALYSIS OF ROCKFALL HAZARDS AT LOS ALAMOS
NATIONAL LABORATORY

Stephen G, McLin
Los Alamos Naiena) Laboratory
P.C. Box 1663 MS-K490
Los Alamos, NM 87545

teikniques had ncver been used with rockfal] dnid. This analvsis indica:cs that (he annual
rockl] scries Is approximaicly Jog-mommally disribused, and that the S0C-year rockfa]]
cvent will probebly execcd 157 ons. In adltion, s Markov genesstion scheme, which
Prescives the siatlatics of obscrved logariings from the hisiorics) data, was used io

érmatic changes Mt ocecur over time .including
diumal, seasonal, Ammual, sad mubi-yesr panerms,
SpeciGie recurreace-inicrval flood evesss mBY 3ppear as
unczriaintics of raten., and Ry be viewed as having a
Radom or swchasic componest. Well-estadlished
taustical techziques allow these piysical observaticms
t0 be summanzed in onder to compreband underlying
igooshgiﬁag&!u&s?&ﬁ
Biture sysiem  busavior for cuginccring  dougn

evalutions. Comumon autistical data summarics that
describe (hese phenomens include neax, varance,
coximum and minbioum (te, mnge), skewness,

1 %.&gogivgﬁulvﬂcg

comelatior eoetlicieats. Swndard term definitions for
uiblased compumtions may be fousd in any sutistics!
textbook [1].

Many well-behaved sutistian diseibutions have
heen used  describe matura] Yydmiogical procetses
Fl- Typicaily theac thearetical disnbutioss ase tested
when ohservaliona! Eﬂaas.oaao-ﬁaol.wvﬂaa
protability paper. Dexpite these efforts, hawever, there
# waally 20 single best distnbution [or 3 given
obscrvational daw set. Sull, certain disiributions aave
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found widevspread appliadou io rostine sureamflow
amlysis. The log-Peanoa Type I distribotion hat
heen formally adopied for flood Jow smalyiis in the
Uhritcd Stakes by federal agencies, whereas the Gumnbe!
Typel distribation is recommended in e Unud
Kingdom. This repart describes au application of some
of these Dood flow siatisticul oetbods 10 rockall data
in order to predict long-erm recurrence imerval
mck)l Iazards, and 10 estimate cif-lace rotreat i
in Los Alamos Cocaty wsing syatbetically gencraicd
lme scries.

Rockialis kave been abserved ot the rock catchen
at Technital Areas 2 and 41 (TA-Z 3nd TA41) since
these structumes wae imslalled in 1944 and 1978,
rospectively. A sunmary of these aomual rockfafl
inspection reports is lised in McLin [3} These venons
were used 10 construct an appaal rockiall exceedance
sctics, as dolined by Chow [4), for subscquent am vz,
According 1o thasc mspeaciion repons, 3t o 33
scpanic rockiall evens bave been documenied at thusc
wo mck aachers berwveen 1948 and 1993, Individan!
rock weighs varied between approximately 300 ard
21.000 pounds. For those yean where no rockllls
wer recorded, 8o was amsumed Un!i 3 ope pound
rockall occurrcd.  This assumption was made ko
prcscrve e conlinuous matore of the anmnl
exceedance serics as explained below. This serics was
ihen analyzed usizg 2 rowlinely sccepicd wechaique [5).
Tnis computer program was origiually designed for
statstical saalyzis of stream food-flows uaing the oy
Person Type I distribution in the compuntion of
{requency curves [6]. However, it is aiso applicable 1o
the ockfsll problem in Los Alamos Canyon, as
expliained below,

ANALYSIS OF OBSERVED ROCKFALL
DATA

Far the purpones cf this report, recorded rockfall
weights st tic TA-Z and TA4) rock aachers arc
treatzd cactly like peaak food flows commonly
ohserved by the US. Geological Survey (USGS) at
numcrous strcam gaging sations throughost the Aaticn,
Typically e peak anrual flood flow i obtained {rom
a conunvously obscrved flow record for s particular
water year (ie., Oclober-Sepiember) by the USCS aca
given sieam gaging staton. A sequentlal Ume sencs
of these peak Oows i collectively refemd o a5 an
annual maximum serics and typically cosming 20-30 or
morc anngal peaks (or years of record). Ofes times,
bowever, 3 parual duntion series is also selected for

[9S5 TP e ¥ ag PPV SRV, TVR L I ¥

analyais. Here s mnia) dunion scries s defined a3 3
serisg of datx that is selec*= po that individual Oow
ugsides are greaier thaa some predefined bese
valve, 1n flood Oow studies, this base valuc is wsually
selecied 5o (hat the final mumber af ochwervations in the
serics is equal io the mmber of years of record. The
resnlting pertial dusation series & ten refetred 0 a3 an
anzual exceedance scries.  Henee for streamflow data,
citber the partial dunation or ammal excecdance werics
may coaliin seven) isdividual peaks recoeded in (he
same wiler year, and Ty a0 Mxve 3omc Waier years
will no paak Oows that exceed e base valoc. For
practical purposes, an i) cxceedance seocs and the
corraponding | wmaxiomum series 40 20t differ
graally except in the valoes at low magnitindc.

The obxcrved rockfall series obained from the
TA-2 asd Ta=l] inspection repars should be viewed
as an snousl exceedance series because individoal
inspections wert somctimes conducted af imcrvals
exsoeding onc vear. Fram 1950 10 1970, there were no
documenicd amnual imgpections at the TA-2 rock
caicher. However, a USGS imspection in 1970
reconded approa.mately 15 isdividual rockialls thar
were reumed on e rock aatcher during thigs lime
inscrval (recall that Use rock atcher at TA-41 was
constructed in 1978). Because we do not know cacuy
which socks [ell in aay piven yaar between 1950 and
1970, we ciccled 10 treat the resalling series as a pantia)
durztion series wild 3 base valuc of one pound, and
obtained the ammual excccdance series. The miweguent
analysia of this sercs is assumed 10 be stalistically
similar 10 an anpus] maximum rockfall setriec il that
scries were available for asalysis. The assumption that
an anuoal execedance scnes md i corresponding
snnua) maxmoum  aerics  Yickd nearly  idenuca)
recurtencesinicrval muls is  fully supponied hy
aumerous Jood-flow aralyses ccoducied throughout
the world. However, so other rockfall secrics arc
availadle in the lilerature or 3t Los Alamos 0 confim
thi» sassumption.

Twe frequency snalvsis procedure for cither an
snnus] exccedance or anaval muaximuwn scries s
jdentical. Firt individual obscrvations are »tranzed n
decrcasing order of nugniwde, and cach obectvalion is
tbhen assigned an order number m thal correspamls to
the zanked values. The pradability of exceedance (P)
of asy nanked cvent is then oblained fram s “plomng
position” formula. Oue abvious formula is simply
P =m/n, where o is the 10wl number of observations.
A oumber of mioor refinements in thete formulas hag
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cvoivad over e yesrs [2).  la this siudy, the
Ciugonen formuk was selected beause it accounts
for variatians in sample size. A plot of rock weight
(RW) venws P complews lie frequency analysis
procedure. Recall that the recursence imerval (T) is
Jjust the jnversc of P; furtbermore, T bas units of yan
Decause our sevies is an anml one. If these data plot
as 3 stight line om normal probability paper, then the
underlying satistical disufbutian is nonns], However,
many eavironoontal data st exhibit s prosounced
rihat skewness, and the din  tmnsformalon
¥y = Jog(RW) ofica reveals a lognormal distribution. Ia
other words, a graph of ordered y versus P or T
praduces 3 strxight line on aorma! probabilily peper.
Aciually \bis lognormal disgibution s a special case of
the more gencrl! log-Pearson Type I distribution
Because the skewness s reduced 1w zero by ihe
loppniimic wnsformation. The emphasis oa
obizining » straight linc s strexsed in engineering
applications because extrapolation W0 large recurreace
intenais is made easicr aimply by axunding ide
snight line, A more complete theometical discussion
mayv b found i prviously cilcd referances. Resulls
¢! this analysis suppest (at the sockfall time senes for
Los Alamos Canyun i3 approximately logparmally
disinbuted. Fustbcrmore, tbey indicale that the 500-
vear rockfall eveat will be approxmmatcly 407 1ons il
our sinight-line extnpolation is wvalid. We an
1T prove Upon s eslimate, bowever, as seea below.

GENERATION OF SYNTHETIC
ROCKFALL DATA

Synthetic streamflow genenlion methods bave
beeome 3 well-establisbed 100l in cagincenag prctice.,
Taey cnable water resovrces planners and engineers ©
more thoroughbly cvaluste designs for Righway
culvers, flood-commol levees, bridges, amd otber
imoonant structores, 1t sbould M= poted, bowerer, tut
syathetic data cenemting schemes do Bot tnprove poor
Observational records,  Instead ihese lechaiques
improve the quality of design estimates that are mada
with whatever records are availalle. Many of thae
\echnigues are summarized by Fiering and Jackson (7],
Lxersion of ihese sechniques 10 observed rockfall dats
s umigh.forward, and mequites mo additiomal
assumptions.

Perhaps the simplat symibetic rock{al] geneming
techaique takes the form of a scheme that producs
indjvidual time sefies values  with  scpante
deterministic and nandom components. The nom-2ero

t1l= 3-95 & Ll:iddkn

Ed1=10

deserministic components should wc designed to reflect
any pegisience in the observed dats sct, while the
rndom component i3 usually assumed o be
independently distribated with 2410 mean and constant
Variance., [n addition, ope gesenlly makes (he
important assumpiion tat e correlation between
sequentis] rockfall values depends onmly op ke time
interval between these values, apd that this expected
penistence romains constant and & independent of
jockfall magnimde. The resuiting lag-one, or
Markovian, synibeuc rockfall genenting scheme may
be wrinen as:

RW; = xXber+ l(RWH-xblr)vq (1)

where RW, is the rock weight of i-th member of time
series, xbar is the obscrved mean rockall waght, £ is
o observed ag-one serial correlstion coefflcient, and
& i a mpdom component with 2210 mean and consuant
vamiance,

If RW in equation (1) is sormally distributed,
lhen ¢ must also be normal. Il we select & normally
disribuiee, serally independent mudom variable, t,
with 2cro mean and Ut vanance, then we may write,

= 5[ PS @)

wbere 3 represeons the sundard devistion o our
observed rockfall time series, Equations (1) and (2)
gve a Matkovian genenting scheme that w4ll vicld a
poarmaTly distribuied syntbaic sockfall series that
preserves tie observed mean, variance, and lageone
scrial correlation cocflicent of the oviginal rockfall
seves. Trese relationships way that any given rockfa]]
weight in owr synihetic senes depends only on tic
precoding rockfall woight and  some  msdom
componcot. This serial dependence may be difficult ta
pewsically Justify in gemeral, bat it i often
chanaeysiic of obwerved enviromnental ime series, It
1> InICTEStng 1© note that there & no apparent Lig-one
serial correlation in the rockfal] data umiil we ke the
logarttimic tamformation, y » log [RW].

A syntictic genenation scheme {or the lognormal
distribotiop still uses equations (1) and (), v ¥
replacing RW. Xur, , and 5 now repicacnt the mean,
lag-one srnal comelation cocflicient, snd stindard
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Ceviation, respectively, of the logaritims. Afler vsing
rquation () with log-transformed data, we must beck-
iansform, wsing KW = exp [y]. Now our symbcuc
genemabon scacme will preserve (e obscrved mean,
variance, skewpess, and lap-one scrial comelation
coctlicient of the logarithms of the original rockfall
scries, Because of the larpe poaitive skewncss ix e
origimal rocklll enen, the lop-inmslonmalion was
used 1 the syathetic data geseration scheme for Los
Alamos Camvon. Our analysis clearly shows that the
lag-onc scrisl correlation and skewness o the otigital
s.Tics 3R At preserved ia the synthatic data. 1t sheuld
b+ noted that such proservation is  somcuims
imporany, and technigues [R] exist for ensaring uat
stanstical memens from the oripinal sevies will be
mainained in the symibetic sevies. These pmcedures
were not ewaployed in this study, bowever.

The only question that remaims for the synthetic
cenerstion of rockfal] datx is 1be initiation procedure
for cquation (1). Fiering 2ad Juckson [7] suggest 1ot
any convemcnt imitlal value for RW or y may be
slecled, and b ohécrved mean s a logical choice.
They slso recommend 1hat the first SO0 symboac
rocklall values be discarucd xcause lbese may
potentially be influenced by the sclection of an initial
wvalue for RW. This procedure was {ollowed hese.
Figurc 1a shows a log-log pior of T versus RW for e
synctic rockfall ime seriex abuined [rom equatious
(%) and (2, &nd using the Yogarithmically taassformud
data, Synibetically genemied outpat data for this pust
were obtained (rom the same compuier prognm {3)
previously employed for ou. observed scries. Resulis
o this an0)vsis baaicats that the synthetic rackfl tne
senes it alee lognarmaily dizinbuted, and 1hat the 300-
year rockfall event will be approximarely 187 wons, !t
1 unponant lo polc that a signilicant reducon is toc
magnirude of e 300.ycar mckiall cvent was obtaintd,
along with s cnrresponding improvement in tie
confidence inizrvals, Note tpat ibe observed data 2l
still contzined within the synibrtic confidence intervei
shown in Figure la. We conclude that the syatbenc
dala geneniion proccdure fcprescnls an obvinus
inproverment upon more imditioma! stmighi-linc
extrapolation techniques.,

According W equations (1) and (3), our
cynthetically genented rockfal! data set only depends
on the mean, sandard devislion, snd the lag-one seral
correlation oocfficient from the obwerved sericy.
Empirical swdies bave shown that the mean and
standard deviation are mucl move signillaat when

oa-is-

otber stistical penmeies ia  producing  good
svithetically genenied senies. Formmalely these
domimating pamamelens sre fixed by our obeerved
senes; fundermare, 1he mean and standard deviation
are aot infloenced by the order of 15c obtserved data.
Howevez, the lag-onc serfal correlation coeflicicer a.
Recal that cur omerved mekfall data comprise an
anaus! exceedsdce scrics where e achus! order of
annus! sockialls has not beea fully preserved. Bence s
parameier semmitivity question arises. Exactly wiat
influcpee does the lagwoag scris] corclation coellicient
have on 1be resulting symibetic sencs?  Figure 1b
summarizes s influence om predicaed rockhal
weights, One may conciode that if sequential rockils
in Los Alamos Casyon arc not serially comrelated (ic.,
r = (), then the predicted S00-year rockfall event will
be approximately 225 tons. However, logeritbms of
the observed annusl exceedance evenis are somewhat
rchiod since r» 036, Thus the predicied 500-year
Tocklall eveat should decrease for increasing values of
. Noie that r may vary between 0.0 (ic. no lag-one
scrial comelation) and 1.0 (Le., perfect lag-one serml
correlation). Onc concludes that smail crrors in
obgerved r will not severely aflect the predicled S00-
year rockiall event in oursvubetic geperation scheme,

One Cme] gquestion remains. Is it phbysically
poasible for 3 100 10 200 1o rock o (3!l from the clifls
above TA-2 and TA-41? Thc answer to this qualea
depends upon the geometric spaciog and oricatation of
exuiing factures in the Bandelier Tufll units above
thaae echuca] zress,  Intersection of these ractures
will direetl» influcnce the shape and sizc of any
potential sockinlls, Ulimately, rock density and three.
dimensions] block peometry determiae rockfall size.
Effors that will fully quantify this question are
currently underway. Preliminary evaluations, bowever,
suggest that large rockfalls excealing 200 tous are
indeed posaible.

DISCUSSION AND CONCLUSIONS

This paper bas amempted 10 demonstate our
comention that synibetucally genemied rockfall serics
can improve our cstimation of long-cm recuiTti
intervel events, 1n other words, it provides us with a
svstematic  metbodology of controlling  overly
comservative design oxtimaics for nsturs! phenomens
hnzards like rockfalls and Ooods. These approaches
are well esuablished in many engincering ficlds, and 1he
extcnsion made bere seems natunl,
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‘In addition 1 the abowe, we mry ose our
syothelic rockfal] series 1 estimate mtes of cliff-Bce
retreat. This computation is sinsightforward; we know
the rock catcher Jength, clff beight, rock density, and
o} rock weight 1hat will fall duting some simulascd
time isterval. Hence we simply compsie the sverapr
clill-face dimension that would yield owr almulated
ock volume. For the Omegs West Sise, this procedure
soggests 1t the clill-feee B muGtiag at
approximately 23 cx/1006 yeart. This somewhat
simplistic spprosch probubly umderestinmtes the scma)
nic ol-clifl-face reteat becanse our syntheric serics is
an ansual exceedance one that does not sccouat for all
rockalls, Rkt sl comparas fsverably, bowever, 1o
previous estimaies of 13-14 cm/1000 years [9), and 4.5
em/1000 years [20). Determinaticn of these mies
imporaat becausc the mesa 1ops sre uzed for weach
disposal of low-leve] mdicactive wastes, Hemce it i3
imponant 1o accunicly estimaic bow Joag one may
reasonably expoect these wremches W mmain intact
before natenl erosion eventuaily breaches ibem.
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