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Rockfalls and Debris Avalanches in the
Smugglers Notch Area, Vermont

By Fitzhugh T. Lee, Jack K. Odum, and John D. Leel

ABSTRACT

Rockfalls and debris avalanches from steep hillslopes
on the southern approach to Smugglers Notch in northern
Vermont are a continuing hazard for motorists, tourists,
mountain climbers, and hikers. These fast-moving, destruc-
tive slope failures frequently block the approach road or
nearby streams. Bedrock exposed in the area generally is
massive schist and gneiss of the Cambrian Underhill For-
mation. Some huge blocks can reach the valley floor intact,
whereas others may trigger debris avalanches on their
downward travel. Block movement is facilitated by major
joints both parallel and perpendicular to the glacially over-
steepened valley walls. The slope failures occur most fre-
quently in early spring, accompanying freeze-thaw cycles,
and in the summer, following heavy rains.

Field mapping identified types and ages of slope
movements and aided selection of monitoring stations.
Manual and automated, continuous measurements of tem-
perature and displacement were made at two locations on
opposing valley walls. Both cyclic-recoverable and perma-
nent displacements occurred during the 13-month monitor-
ing period. The measurements indicate that freeze-thaw
mechanisms produce small incremental movements, aver-
aging 0.53 mm/yr, that displace massive blocks and pro-
duce rockfalls. The initial freeze-thaw weakening also
makes slopes more susceptible to attrition by water, and
heavy rains have triggered rockfalls and consequent debris
avalanches. Temperature changes on the rock surface pro-
duced time-dependent cyclic displacements of rock blocks
that were not instantaneous but had lag effects. Statistical
analyses of the data show that a model predicting block dis-
placement solely as a function of temperature is poorly con-
strained. A model using time and temperature predicts
block displacement more accurately. Stability analyses
show that some slopes would be stable if freeze-thaw forces
were not present.

!Battelle Seattle Research Center, 4000 NE 41st, Seattle, Washington.

INTRODUCTION

This report describes the results of an investigation to
determine the mechanism and rate of rock-cliff breakup
leading to slope failure in the Smugglers Notch area of
northwestern Vermont and to forecast where and when
slope failures are likely to occur. An additional goal is to
assess the feasibility and adequacy of a remote readout sys-
tem for monitoring the movement of rock blocks near cliffs.

Smugglers Notch, a steep-walled U-shaped valley,
forms a north-south-trending mountain pass between
Spruce Peak on the southwest and the northernmost ridge of
Mount Mansfield on the northwest (fig. 1). The average
relief of this valley is approximately S50 m. Christman
(1959) attributed the development of Smugglers Notch to
headward erosion by an ancient glacial-meltwater river.
Slope deformation and attrition are active today, as indi-
cated by open joints and intermittent rockfalls from unsta-
ble cliffs (fig. 2). We noted numerous open vertical joints
(as wide as 1 m at the surface and more than 7 m deep), par-
allel with the upper eastern slopes of Mount Mansfield, that
have been formed and enlarged by slope movement; even
larger joint displacements in this otherwise massive rock
have created openings of impressive dimensions, such as
“Cave of the Winds” (Christman, 1959).

In view of the general instability of slopes in the area,
it is not surprising that rockfalls and debris avalanches in
the Smugglers Notch area damage roads and recreational
areas and dam and divert streams. For example, in late May
of 1986, more than a dozen debris avalanches occurred in
the study area following several days of heavy rain. These
slides blocked and damaged sections of Vermont Route
108, which climbs through the notch, and temporarily
changed the course of the south-flowing West Branch Little
River. In the past, single blocks weighing hundreds of tons
and measuring as much as 20 m on a side have cut swaths
down the timber-covered slopes. In some instances, the
impacts of such falling blocks have triggered debris ava-
lanches. These fast-moving masses, which incorporate
rock, soil, trees, and water, have heightened the concern of

1
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public officials for users of roads and recreational facilities
because of the increasing use of the area.

Near the top of the notch, the valley is particularly nar-
row and so choked with large blocks that only a sinuous
single-lane roadway can be maintained (fig. 3). Neverthe-
less, this road (which connects the towns of Stowe to the
south and Jeffersonville to the north) is heavily traveled,
and parts of the road serve three ski areas. In the summer, it

is a popular scenic driving and bicycling route and provides
access to numerous hiking trails. The study reported here
began in August 1986 and ended in June 1989.
Acknowledgments—We are greatly indebted to Dr.
Charles A. Ratté, retired Vermont State Geologist, for his
continued encouragement and cooperation. He first sug-
gested the study, and his agency provided partial financial
support for the fieldwork. Without his personal assistance,































































STATISTICAL ANALYSIS OF FIELD MEASUREMENTS
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Figure 31. Plot of displacement and temperature versus time for gage 5 at site 1, Smugglers Notch,

November 8-December 16, 1988.

during the period

0.3 T T T I T T T | T | T T T T T T T T 5
0.25 [:- H —:1 0
r |, Gage displacement \ ]
- ' "_Gage't —-5
2 L / ge temperature :4
w 02— : R~
B i
= — —__10 (8]
= — b s
= - -
= s g
e [ =
c T
—-20
5 St
g 1, B
2 - —-25 F
@ 0.05— -
G C 7
- —-30
ol ]
C % -35
- ]
-0.05 T | L ] I | | | PR | 1 | I 40
32 34 36 38 40 42 44 46 48 50 52 54 56 58 60
JULIAN DATE

Figure 32.
February 1-28, 1989.

multiplied by the independent variables (temperature or
elapsed time) to generate predictions of the dependent vari-
able, rock displacement. In figure 33, the predicted
displacement is solely a function of temperature fluctua-
tions during the measurement period. The predictions vary
erratically, mimicking the temperature fluctuations, because

Plot of displacement and temperature versus time for gage 3 at site 2, Smugglers Notch, during the period

the predictions are based on a discrete, point-by-point linear
relationship between temperature and rock displacement.
The predicted displacements shown in figure 34 are based
on a slightly more complex calculation. In addition to the
effects of temperature (fig. 33), the predicted displacements
shown in figure 34 include an estimate of rock
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Figure 34. Graph showing observed displacement (dashed line) and predicted displacement as a function of temperature and
time (solid line). Displacement=f{temp, time) (text equation 2). The gages listed in table 2 were used in this analysis. Observations
cover the period November 8, 1988, through May 3, 1989. One observation interval is 6 hr.

displacement over time (the superimposed linear increase or Figure 35 is the most complex and also the most accu-
drift), which is independent of temperature changes. In  rate depiction of rock displacement. Not only do the pre-
other words, figure 34 shows a continuously increasing dis-  dictions on this graph reflect the temperature changes and
placement upon which the temperature-induced fluctuations  time-dependent displacement, they also include a factor that
are superimposed. accounts for the thermal-mechanical dynamics affecting
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Figure 35. Graph showing observed displacement (dashed line) and predicted displacement as a function of temperature, time, and the
previous value of displacement between time and temperature (solid line). Displacement=Atemp, time, displ(z-1)) (text equation 3). The
gages listed in table 2 were used in this analysis. Observations cover the period November 8, 1988, through May 3, 1989. One observation
interval is 6 hr.

rock displacement. These dynamics may reflect such phe-  autocorrelations for the residuals of equation 2 for gage S,
nomena as the thermal inertia of the rock that introduces a  site 1. A quantitative measure of the correlations shown in
lag of the temperature at the rock surface and the tempera-  this graph is the Durbin-Watson statistic. The value for
ture in the interior of the block. These dynamics can be  this statistic for the residuals of equations 1 and 2 for all
represented as a linear dependency between the current dis-  of the gages in table 2 is significantly less than 2, averag-
placement and the previous displacements. This depen-  ing 0.51. This confirms the strong autocorrelations shown
dency is a first-order exponential lag and is common to  in figure 36. The high correlation of residuals that persists
many heat-transfer models. Thus, the predictions in figure = over several measurement intervals indicates a dynamic
35 include the temperature-induced fluctuations and the  process. In other words, the effects of temperature fluctua-
continuously increasing displacement, both of which are  tions are not immediately translated into rock displace-
tempered by the dynamics of the process that make each  ments but, instead, are translated into rock displacements
displacement dependent on the previous displacements. through a process that depends on the past state of the sys-

Table 2 shows that temperature has a strong influence ~ tem, including past temperatures and displacements and
on rock movement and that most gages show a displace-  frictional effects. Thus, the thermal inertia of the rock acts
ment that increases with time, as noted in table 1. Gage 2, as a shock absorber by diffusing abrupt temperature
site 1, had a defective thermistor for part of the monitor-  changes over time. A rapid increase in surface temperature
ing period, and gage 4, site 1, was damaged by a falling  will only gradually translate into an increase in block core
rock; these records were not used in the analysis. Only  temperature, as reflected in block movement.

gage 3, site 1, and gage 2, site 2, fail to show a strong The bottom row of values (equation 3) in table 2 illus-
time-dependent displacement. A time-series analysis of  trates how a simple autoregressive time-series model
the residuals indicates that they are highly correlated. accounts for much of the dynamic interaction of surface

Figure 36 illustrates this strong correlation between  temperature, time-dependent movement, and rock displace-
residuals. This graph shows the 1st through 40th  ment. Just as the Durbin-Watson statistic indicates a strong

Table 2. Percentage of variation in gage displacements predicted by linear regression equations 1, 2, and 3, which use different
combinations of temperature, clapsed time, and previous rock position.

Site 1 Site 2
Gage | Gage 2 Gage 3 Gage 1 Gage 2 Gage 3 Gage 4 Gage 5
Sftemp) 28.6 4.0 134 28.2 4.1 77.6 45.3 10.1
ftemp, time) 293 16.8 61.3 62.0 8.4 783 53.8 254

ftemp, time, displ(z-1)) 65.0 49.2 85.5 98.5 42.9 98.1 923 91.2
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Figure 37. Graph of the Ist through 40th autocorrelations for the residuals of equation 3 for gage S, site 1, Smugglers Notch. One lag
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correlation between residuals, the bottom row in table 2
shows that all gages at both sites have a strong dynamic
aspect that is reflected in the large amount of variance that
the autoregressive time-series model accommodates. The
appropriateness of this model is further illustrated by the
small residual autocorrelation indicated in figure 37. The
Durbin-Watson statistic for all gages is approximately 2.0,
which indicates that the residuals are independent (no cor-
relation) and that the time-series model accurately repre-
sents the dynamics associated with joint-block behavior.

In summary, the highly correlated residuals suggest
that temperature fluctuations are not immediately trans-
lated into rock displacement. Instead, the thermal inertia
of the rock causes the internal temperature of the rock to
lag behind its surface temperature, making the time-
dependent displacements highly dependent on past dis-
placements. More support for our conclusions of thermal
behavior within massive rock blocks is available from

other investigations. For example, the thermal lag effect
has been identified by Hooker and Duvall (1971) and
Swolfs and Savage (1984). The general agreement of the
statistical tests across gages and sites shows the robust-
ness and validity of the method.

Other writers have monitored block displacements
with varying results. On the Frank Slide in Alberta, Canada,
Kostak and Cruden (1990) recorded permanent movements
of less than 1 mm/yr during a period of several years across
an open crack at the crown of the slide. These authors
ascribed the movements to a continuing dilational instabil-
ity of the top of the slide. Kostak (1991) investigated slope
movement in block fields in Czechoslovakia and found
shear displacement of 0.1 mm/yr between blocks. In other
cases, he determined that seasonal movement variations
were reversible. In the case of a 30-m-high sandstone block,
Kostak (1991, p. 58) stated “only the rotation can be readily
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interpreted as a proof of instability.” Blocks at some loca-
tions moved by basal slip.

Our gage data do not validate either basal slip or block
overturning; however, our field observations suggest that a
combination of these mechanisms has occurred in the cliffs
at Smugglers Notch. In general, the writers quoted above
found that most permanent displacement resuits from
seasonal, rather than diurnal, temperature variations, a con-
clusion with which we agree because time is a major factor
in driving the thermal “front” into the blocks. Our results
simply show small seasonal increases of displacement at
each gage location.

SLOPE FORMATION AT
SMUGGLERS NOTCH

Rock surfaces at Smugglers Notch are relatively new
because of the removal of preglacial weathered rock mantle
by glacial scouring. Rather than excavating intact rock,
Pleistocene glaciers in the Green Mountains reworked and
removed already loose or eroded rock material and modi-
fied the valley walls to broader U-shapes (Stewart, 1961).
Christman (1959) concluded that the initial valley forma-
tion was accomplished by ancient stream erosion and modi-
fied by glaciation, although some sections of the notch lack
a U-shape. The divide generally is narrow, with high cliffs
on either side, and is partly filled with large talus blocks
derived from these cliffs. Although slope changes in mas-
sive crystalline rock may have been slow in early Holocene
time (Yardley, 1951), a gradual enlargement of joint open-
ings resulted in slope attrition. Stewart (1961) stated that
the striated rock surfaces in the Green Mountains indicate
that some slopes had experienced little change since glacia-
tion. We saw numerous southeast-trending striations on the
tops of the higher slopes of Mount Mansfield; however, we
did not observe striations on the valley walls or on the tops
of lower slopes.

Several writers have investigated the formation and
opening of steeply dipping joints parallel to valley walls
(Feld, 1966; Ferguson, 1967; Matheson and Thompson,
1973; Nichols, 1980; Ferguson and Hamel, 1981). These
references describe a process of rebound that is defined as
the expansive recovery of surficial crustal material either
instantaneously, time dependently, or both and is initiated
by the removal or relaxation of superincumbent loads
(Nichols, 1980). The applied loads resulting from past or
present geologic processes are removed or relaxed,
typically by valley erosion or deglaciation. These ancient
“geological loads” caused strains to be stored in the rock
that were relieved when the confining rock or ice was
removed. River erosion and deglaciation remove horizontal
support from valley walls and vertical support from the
valley floor, causing valley walls to deform outward and

valley floors to deform upward (Ferguson and Hamel,
1981). This unloading causes new fracturing or the opening
of old fractures that develop parallel or subparallel to the
unloaded valley walls (Ferguson, 1967). The opening of
fractures may have been an early manifestation of Holocene
slope deformation in the steeper, glaciated slopes. It is also
an early indicator of slope instability (Hoek and Bray, 1981,
p. 164).

We noted the presence of open vertical joints behind
crests of the upper slopes of Smugglers Notch. Some of
these features are quite old, as evidenced by lichens and
other vegetation on inner surfaces. It is useful to consider
the history of these joints and the clues they offer on the
development and behavior of the slopes. Barton (1971)
studied numerous detailed physical models of the initial
breakup and failure of slopes in jointed rocks. He found that
steeply dipping tension fractures propagated as a result of
small shear displacements in the rock mass. The cumulative
effect of these small movements was a significant displace-
ment of the slope surfaces that caused the opening of exist-
ing vertical joints behind the crest of the slope. The fact that
shear movements caused tensile deformations indicates that
when open vertical fractures form shear failure has started
within the rock mass. This complex and progressive failure
process is difficult to quantify on natural slopes, but it
affords a framework for the analyses of Hoek and Bray
(1981).

Hoek and Bray (1981) suggested that, in some cases,
the improved drainage resulting from the initial opening of
rock structures and interlocking of blocks within the rock
mass can increase the stability of a slope. Conversely, in
cases where the strengthening effect of block interlocking is
absent, there can be a very rapid decrease in stability and a
consequent failure of the slope.

STABILITY OF BLOCKS AT
SMUGGLERS NOTCH

Because of the conditions we observed at Smugglers
Notch, there appears to be a considerable range of stability,
as shown by the presence of trees and bushes, recently
toppled blocks, and fresh debris-avalanche deposits. Over-
hanging blocks are obvious warnings of future failures.
Some exposed joints issue water as soon as rain begins; oth-
ers remain dry. We observed that, during a brief rain, water
drained unimpeded through some slope faces that contained
massive blocks, raising cleft water pressures only slightly
and decreasing stability very little. Very heavy rains may
build up cleft water pressures, causing blocks of marginal
stability to fail, although Terzaghi (1962) showed that
destructive pressures are most likely to develop in late
winter or early spring when joints are plugged with ice and
snowmelt is feeding large quantities of water into the rock
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