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Snowmelt and Logging Influence on Piezometric

Levels in Steep Forested Watersheds in Idaho

WALTER F. MEGAHAN

ABSTRACT

This study was designed to evaluate the ef-
fects of clear-cut logging on piezometric
levels caused by subsurface flow on steep
granitic slopes in the mountains of Idaho.
Data were collected on control and treated
watersheds both before and after 1logging.
Wildfire burned over both study watersheds
less than 1 year after logging. Data col-
lection included a complete weather station
adjacent to the study watersheds plus two
snow lysimeters, a sample grid of 52 snow
stakes for measuring snow-water equivalent,
and 25 crest gauge piezometers located on
the study watersheds. Snowmelt was the pri-
mary factor influencing piezometric 1levels.
Instantaneous and mean daily snowmelt rates
were poor predictors of peak levels. Aver-
age ablation rates from the time of maximum
snow accumulation to the time of disappear-
ance of the snowpack were closely corre-
lated with maximum and average plezometric
levels. Logging influenced levels by in-
creasing snow accumulation and melt rates
and by changing snow distribution. Maximum
and average piezometric levels were in-
creased 41 and 68 percent, respectively, by
logging. The data suggest that the fre-
quency of occurrence of maximum levels was
increased by up to 10 times by the clear-
cut logging activities.

Piezometric levels are unique at many locations in
mountainous areas because they are caused by snow-
melt rather than rainfall and are not the result of
fluctuations in permanent groundwater levels.
Rather, positive pore-water pressures commonly re-
sult from subsurface flow. Chow (1, p.l4-2) defined
subsurface flow as "runoff caused by precipitation
that infiltrates the surface soil and moves lateral-
ly through the upper soil horizon toward the streams
as ephemeral, shallow, perched groundwater above the
main groundwater level."

Whipkey (2) noted that saturated subsurface flow
probably will occur when the land is sloping, sur-
face soil is permeable, a water-impeding layer is
near the surface, and large volumes of water are
added to the soil. Based on these criteria, condi-
tions are ideal for subsurface flow in the Idaho
batholith., This extensive mountainous area (41 400
km?) covers a large portion of central Idaho (Fig-
ure 1l). Typically, shallow, coarse-textured soils
(loamy sands to sandy loams) are found on steep
slopes that average 60 percent or more. Although the
granitic bedrock exhibits various degrees of weath-~
ering and fracturing, it usually impedes the down-
ward flow of water. Relatively deep snowpacks an-
nually release large volumes of water to the soil
within short periods, which rapidly infiltrates and
flows downward to the bedrock surface. Continued in-
flow of water creates a saturated layer at the bed-
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FIGURE 1 Location map and detail of the study area.

rock surface and causes subsurface flow downslope
along this surface. Infrequent large cyclonic
storms, sometimes coupled with snowmelt, may also

generate subsurface flows in the area.

Studies show that removal of a large portion of
timber from a forested watershed increases total
runoff. Causal factors include reduced interception
losses, reduced transpiration, and increased snow
accumulation and melt rates (3). Except during ex-
treme high-intensity rainstorms, overland flow is
uncommon on undisturbed forested slopes in Idaho.
Even disturbance does not generate overland flow on
many forested watersheds in Idaho. If timber harvest
increases total runoff but not overland flow, then
Adeep groundwater flow or shallow subsurface flow in
the soil zone or both must increase.

The depth of the zone of soil saturation is a
critical factor regqulating slope stability (4-6).
Thus, slope stability may decrease in response to
increased subsurface flow after 1logging. Loss of
root strength after logging also contributes to in-
creased landslide activity (7;8;9,pp.343-361). The
combination of increased depth of the saturated soil
zone and reduced root strength following forest re-



moval may well have a synergistic effect that fur-
ther accelerates landslide activity following log-
ging in mountainous areas (10). Megahan et al.
(11,pp.226-239) found that landslide activity is
accelerated following timber removal in the moun-
tains of Idaho. Although root strength changes fol-
lowing timber removal have been documented, the
effects of timber removal on pilezometric response
caused by subsurface flow have not been investigated.

In this study it was sought to determine how pi-
ezometric levels caused by subsurface flow vary
under rainfall and snowmelt conditions both before
and after timber removal by clear-cut logging. Less
than 1 ycar after the logging, wildfire caused an
expansion of the study objectives to evaluate the
effects of burning as well.

STUDY AREA

The two study watersheds are located in the Pine
Creek drainage, a tributary of the Middle Fork of
the Payette River drainage in Idaho (Figure 1).
These first-order watersheds are 0.97 ha (watershed
1) and 0.32 ha (watershed 4) 1in size and average
about 1530 m in elevation. They are representative
of headwater drainages found in the midelevation,
nonglaciated landscapes of the Idaho batholith. No
surface flow or channel formation is evident in the
drainage bottoms of the study watersheds.

Before clear-cut logging on watershed 1 in 1972,
vegetation on the watersheds was undisturbed except
in the immediate vicinity of data-collection sites,
where some clearing of understory vegetation was
necessary. The forest habitat 1is classified as Doug-
las fir (Pseudotsuga menziesii [Mirb.] Franco) and
Ninebark (Physocarpus malvaceus [Greene] FKuntze)
(12) . Tree cover consisted of a mature stand of pon-
derosa pine (Pinus pondercsa Laws.) averaging 65 cm
in diameter at breast height (d.b.h.) and 1lesser
amounts of second-growth Douglas fir averaging about
35 cm d.b.h. Predisturbance tree crown cover aver-
aged 43 and 63 percent on the uncut and clear-cut
watersheds, respectively.

Slope gradients range from 35 to more than 70
percent and have aspects from northeast to north-
west. The soll is classified as Koppes loamy coarse
sand and is a member of the sandy-skeletal mixed
family of typic cryoborolls (13). Soil depths range
from 15 cm on ridges to about 120 cm in drainage
bottoms. In the undisturbed state, surface soils are
almost entirely covered by litter up to 3 cm in
depth. Soils are poorly developed, exhibiting only
shallow A and C horizons. The transition between the
C horizon and the moderately weathered and fractured
quartz monzonite bedrock is not readily apparent;
detection in the field is baocd primarily on case of
excavation. The saturated hydraulic conductivity of
the subsurface flow zone (primarily the C horizon)
averages about 0.95 cm min~! (unpublished data),
whereas the saturated hydraulic conductivity of bed-
rock similar to that on the study area averages only
about 0,007 cm min™! (14).

Annual precipitation at the study area averages
approximately 890 mm. Summers are hot and dry. Most
precipitation occurs during the winter as snowfall.
The maximum snowpack averages about 1.5 m deep and
contains 360 mm of water equivalent. The spring
snowmelt period averages about 6 weeks with maximum
daily melt rates up to 66 mm.

STUDY DESIGN AND DATA COLLECTION

The original study design was a paired-watershed
approach with calibration from 1970 to 1972. The
effects of clear-cutting watershed 1 in 1972 were to
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be monitored from 1973 to 1975 and compared with the
control watershed 4. Timber harvest activities were
deliberately scheduled for late fall 1972 when both
watersheds had their annual minimum soil moisture

and spring was minimal compared with that during the
late spring to early fall growing period. Therefore,
differences in hydrologic responses in spring 1973
were largely caused by the effects of 1logging on
snow accumulation and melt rates alone. Under the
original study design, the 1974 and 1975 spring
snowmelt responses would have included the effects
of changes in snow accumulation and melt plus
changes in evapotranspiration.

In November 1972, all timber (about 200 m?
ha !) on watershed 1 was clear-cut and removed by
helicopter. Treatment of 1logging residues included
lopping and scattering and some hand piling. At-
tempts were made to burn some of the pilled slash in
November 1972, but results were poor.

The following summer was hot and dry. On Augqust
20, 1973, a wildfire started near the mouth of the
Pine Creek drainage and in a few hours burned 972
ha, including both study watersheds. The fire burned
very hot, consuming a large amount of fuel. Esti-
mated fuel loading at the time of the fire was 202
tons ha-! on the clear-cut watershed and 22 tons
ha ! on the uncut watershed. The additional fuel
on the logged watershed resulted from logging slash
and caused a greater burn intensity on the clear-cut
watershed 1 as compared with that on the uncut
watershed 4.

Most of the burned area was logged by helicopter
during late summer and fall 1973 to salvage the
standing timber killed by the fire. However, to
preserve as much of the original study design as
possible, even though the trees were killed by the
fire, salvage logging was not done on the unlogged
control watershed nor within a border strip at least
30 m wide surrounding both study watersheds.

A recording rain gauge, hygrothermeograph; record-
ing pyranometer, and anemometer were operated at a
weather station adjacent to the watersheds. A modi-
fied version of the snow lysimeter described by
Haupt (15) that used a circular plot with an area of
0.93 m? was operated on each watershed to con-
tinuously measure outflow of water from the snow-
pack. Some weather data were also collected at the
snow lysimeter site on watershed 1 by using a hygro-
thermograph and recording pyranometer both before
and after clear-cutting. Also, 52 snow stakes were
located in a grid pattern on the study watersheds.
Finally, 25 crest gauge plezometers were located in
suspected water~accumulation areas in each water-
shed, 14 in watershed 1 and 11 in watershed 4
(Figqure 1) .

Piezometer holes were installed vertically by
hand augering through the soil and at least 10 cm
into the underlying weathered rock. Piezometers con-
sisted of 2.5-cm pipe with perforations extending
about 20 cm above the bedrock surface. Bentonite
seals at the soil surface and above the top of the
perforations prevented water inflow from above.
Total soil depth at the piezometers ranged from 46
to 119 cm and averaged 77 cm. Only nine and eight
piezometers were available throughout the study on
watersheds 1 and 4, respectively; the rest were lost
in small slope failures along the road cut.

Snow-water equivalent was measured at each snow
stake at intervals of approximately 1 month through-
out the winter whenever possible and daily during
active snowmelt. Also during active snowmelt, each
crest gauge piezometer was read at least once dur-
ing any day that snow surveys were conducted. Data
collection was continued, except for minor interrup-
tions, until the summer of 1975.

'Y 1
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RESULTS AND DISCUSSION

Piezometric Response

Crest gauge piezometers provide two values at each
reading: the level at the time of the reading and
the maximum level since the last reading. Only maxi-
mum piezometric-level data are presented in this
report. Piezometric responses caused by rainfall
occurred only once during the 5-year study. A large
rainstorm in fall 1973 preceded by a series of
smaller storms caused some minor subsurface flow.
Vegetation removal by logging the previous fall and
wildfire during the previous summer undoubtedly con-
tributed to the piezometric responses because of
increased soil moisture levels at the start of the

storm events.
By far the greatest piezometric responses were

caused by snowmelt during spring. Following a period
of initial recharge, piezometric levels might be ex-
pected to relate closely to the amount of water sup-
plied to the slope from the melting snowpack. Out-
flow of water from the snowpack includes water
supplied by snowmelt plus drainage of rainwater
through the pack. The snow lysimeter data provide an
excellent point measurement of the outflow of water
from the snowpack. A time plot of the outflow for
May 9 and 10, 1972, 1is shown in Fiqure 2 in relation
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FIGURE 2 Instantaneous rate of water outflow
from snowpack compared with water levels in
piezometer 5 on logged watershed.

to the maximum levels recorded in piezometer 5 on
the logged watershed. Piezometer 5 (total soil depth
of 0.91 m) was selected because it consistently had
the highest levels relative to soil depth of all pi-
ezometers sampled and thus was the most probable
point of slope failure (assuming homogeneous condi-
tions throughout). The period shown in Fiqure 2
represents the 2 days immediately after the time of
peak piezometric rise for the year at this site.
Note the extreme fluctuation in snowmelt outflow
caused entirely by fluctuations in the energy avail-
able for snowmelt at the site; there was no rainfall
during these 2 days. Unlike in oontinuous record-
ings, in this study piezometric levels based on
crest gauge readings masked much of the variation.
Even so, there is a continuous downward trend in
piezometric levels in spite of extremely variable
rates of water inflow. Obviously, short-term water
inflow data of this type are not appropriate for

estimating piezometric responses because of attenua-
tion of levels caused by soil water storage.

Although providing an excellent record of water
inflow to the snowpack, snow lysimeter data consti-
tute a point sample within the watershed and thus
may be a poor indicator of average watershed inflow
rates. In addition, snow lysimeter data are expen-
sive and exist at only a few specialized research
sites. However, snow survey data giving the total
water equivalent for the snowpack are common at many
locations and are cheap and easy to obtain. Periodic
comparison of the amount of water equivalent in the
snowpack from the time of maximum snow accumulation
to the time of disappearance of the pack provides an
alternative to snow lysimeter data. Measurements of
the rate of disappearance of the snowpack (called
ablation) are not equivalent to data obtained from a
snow lysimeter because it is impossible to account
for evaporation and drainage of railnwater. In spite
of these limitations, snow ablation rate data pro-
vide a good index of snowmelt rates.

In Figure 3, mean daily snow ablation rates col-
lected in 1972 are plotted along with mean daily
plezometric levels for piezometer 5 on the logged
watershed. Spring 1972 was typical of the patterns
of snow ablation and piezometric rises on the study
watersheds. Relatively slow melt early in the season
(totaling 250 mm by May 2) helped build up soil
moisture levels. Average rates accelerated in early
May, allowing for a relatively rapid increase in
piezometric levels. Peak levels occurred on May 8
about 4 days after the occurrence of the peak abla-
tion rate. Although mean daily ablation rates are
more closely correlated to piezometric response than
were instantaneous snowmelt outflow rates, ablation
rates still do not provide a good prediction of peak
piezometric rise, again because of soil moisture
storage effects.

A more gross average of snowmelt, consisting of
average snow ablation rate for the entire snowmelt
season, was used to better account for storage
effects. These values provided much better predic-
tions of both maximum and average piezometric levels
relative to soil depth on both watersheds (Fiqure
4) . The maximum value is for the individual piezom-
eter with the greatest level at the time of peak
response. This was piezometer 5 on the logged water-
shed 1 and piezometer 3 (total soil depth 1,12 m) on
the unlogged watershed 4. The average values repre-
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FIGURE 3 Mean daily ablation rate in
relation to mean daily piezometric level
in piezometer 5 on logged watershed

for 1972.
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FIGURE 4 Peak relative piezometric level in
relation to average ablation rate,

sent the mean level for all piezometers on each
watershed at the time of peak response. All regres-
sions are statistically significant (at the 99 per-
cent level for piezometers with the highest response
and at the 95 percent level for the average of all
of them) and the r?-values (ranging from 0.90 to
0.95) are relatively high; thus piezometric rise is
closely assoclated with increasing ablation rates.
For example, an increase in average ablation rate of
1 mm per day causes an average increase in the maxi-
mum level of groundwater depth relative to soil
depth of 9 percent on the two study watersheds. All
piezometers were sensitive to changes in ablation
rate as indicated by the curves for the average
responses, The higher responses on Fiqure 4 for
watershed 1 compared with those for watergshed 4
probably reflect the greater drainage area above the
piezometers on watershed 1 relative to watershed 4.

Overland flow with increased potential for sur-
face erosion can occur during snowmelt if piezomet-
ric levels rise to the soil surface. This almost
occurred in this study in 1975 when the relative
water level reached 0.98 at piezometer 5 on water-—
shed 1 and could easily occur elsewhere. The most
important concern with increased piezometric levels
on steep slopes is increased landslide hazards. Cou-
pled with reduced cohesive strength resulting from
the postlogging decay of tree roots, increased
levels can seriously increase landslides. In fact,
some small mass fallures did occur on the logged
watershed during this study (10).

Snow Accumulation

Table 1 shows the annual average levels of snow-
water equivalent for the study watersheds. Each
annual average represents 35 sample sites on water-

TABLE 1 Annual Average Levels of Snow-Water Equivalent
for Study Watersheds

Snow-Water Equivalent by Watershed (mm)

Watershed 1

(logged and Watershed 4 Difference Statistical
Year burned) (burned) (1-4) Test
1970 358 386 -28 NSD
1971 444 455 -10 NSD
19722 396 348 +48 NSD
1973% 323 206 +117 SD
1974 579 429 +150 SD
1975 554 394 +160 SD

Note: NSD = no significant difference at 95 percent level; SD = significant dif-
ference at 99 percent level.

?)Watenlw:d 1 clear-cut in November.
Both watersheds burned in August.
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shed 1 and 17 sites on watershed 4. Annual qgroup
comparisons showed that the maximum snow-water con-
tent on the watersheds did not differ (95 percent
level) in the three calibration years. There was a
highly significant increase (93 percent level) in
snow-water content in 1973 following clear-cut log-
ging on watershed 1. Similar statistically signifi-
cant increases (99 percent level) were found on the
logged compared with the unlogged watershed in 1974
and 1975, respectively. These increases ranged from
35 to 57 percent and averaged 41 percent.

Double-mass analysis (16) was used to evaluate
the effects of disturbance on each individual water-
shed Ly comparing Lhe peak snow-water equivalents on
the study watersheds to the peak water equivalent on
a nearby undisturbed snow course (Cozy Cove) (Figure
5) . The loyging effect is apparent for watershed 1
as indicated by the distinct change in slope in
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FIGURE 5 Comparison of accumulated peak snow-
water equivalents on study watersheds to an
undisturbed snow course by years.

1973. Burning appeared to have little influence on
snow accumulation on the unlogged watershed as shown
by the lack of a distinct slope break between 1973
and 1974. A tendency for a downward trend in slope
for the logged watershed following burning suggests
decreased snow accumulation. In spite of this, maxi-
mum water equivalents were still greater than those
on the unlogged watershed.

Other studies suggest that openings cut 1in the
forest stand tend to cause maximum amounts of in-
creased snow accumulation when the opening site is
approximately two to three times the height of the
adjacent trees (17,pp.246-252;18;19). Golding and
Swanson (19) found that average maximum snowpack-
water equivalent on forest stands in Alberta,
Canada, was increased 45 percent for an opening two
times as wide as the adjacent trees and 43 percent
by an opening three times as wide. These results are
close to the average of 41 percent increase found on
the study area for the clear-cut opening that was
2.7 times greater than the height of the adjacent
trees,

Changes in maximum snow accumulation caused by
forest cutting occur in response to (a) change in
winter snowmelt rates, (b) reduced interception
losses in the forest crowns, or (c) aerodynamic
effects including increased deposition within the
opening caused by discontinuities in the airflow
across the forest canopy and redistribution of de-
posited snow between the forest opening and the ad-
jacent stand. Data from the snow lysimeters showed
only about 5 percent of the total melt occurring
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during the winter either before or after logging, so
factor a is unimportant. Also, all leaves on the

trees and understory vegetation were killed by the
fire on the uncut watershed, so interception losses
were reduced. In splte of reduced interception,

there were no detectable increases in maximum snow-
water content on the unlogged watershed. On this
basis, most of the change in maximum snow-water con-
tent on the logged watershed probably resulted from
change in the aerodynamics of the timber stand.

Snowmelt Rates

The average snow ablation rates from the time of
maximum snow-water accumulation until the disappear-
ance of snow (or the last measurement data in a few
cases) provide a good index of snowmelt (Figure 6).
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FIGURE 6 Average snow ablation rate from
time of maximum accumulation by years.

Mean rates on the two watersheds did not differ (95
percent level) for each predisturbance vyear: 1970,
1971, and 1972. In 1973, clear-cutting increased
ablation rates (99 percent 1level) on the logged
watershed an average of 2.5 mm day ! compared with
those on the unlogged watershed. After the wildfire,
the rates on the clear-cut watershed still averaged
2.3 and 2.8 mm day ! greater (99 percent 1level)
than rates on the uncut watershed in 1974 and 1975,
respectively. Rates on the clear-cut watershed in-
creased an average of 30 percent for the 3 years
following both logging and burning. There is no way
to evaluate the effects of the fire on snowmelt
rates on the unloggéd watershed. However, based on
the large, relatively consistent differences between
ablation on the clear-cut and uncut watersheds both
before and after the wildfire, the effects appear to
be minor.

Snow Distribution

Changes in the aerodynamics of a forest stand in-
fluenced snow distribution and contributed to
increases in total snow accumulation. A three-dimen-
sional fit of the water-~equivalent values on water-
shed 1 taken from the network of snow stakes illu-
strates the change (Figures 7-9).

Each year before the disturbance, distribution of
snowpack water equivalents was variable primarily
because of the variegated timber cover. The water-
equivalent distribution during 1972 is typical of
the patterns on the clear-cut watershed before the

Water

400 mm
Pm
0
February 25,1972

n=32

mean = 394 mm 44-.._
=
A
F, e
March 16, 1972
{peak dale |
n=32
A
mean = 3% mm - —
A
—F' e
== —0r

FIGURE 7 Snow distribution on clear-cut watershed
before logging.

disturbance (Figure 7). At the time of maximum accu-
mulation, zones of high water storage were apparent
on the upper and lower portions of the south side of
the drainage and on the northwest side of the basin.
A shallow zone separated the drift areas on the
south side of the drainage and also occurred through
the center and east side. Melting progressed nonuni-
formly so that most of the accumulation on the south
side melted first, with minimal melt on the lower
west side and center of the basin. After logging in
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FIGURE 8 Snow distribution on clear-cut watershed
after logging.

1973, snow-water accumulation was quite uniform over
the basin, with melt progressing from both the north
and south sides of the basin toward the center
(Figure B8). The wildfire caused a major change in
snow-water distribution in 1974 and 1975. A single
major drift area occurred on the south side of the
basin with smaller drifts on the east and west
sides. Melt progressed fairly uniformly over the
watershed so that the early accumulations were still
apparent late in the melt season (Figure 9). A simi-
lar analysis on the burned-only watershed showed no
trends in snow distribution before and after burning.

The network of plezometers on the study water-
sheds was not dense enough to detect changes in pi-
ezometric levels caused by variations in snow dis-
tribution before and after the disturbance. However,
major differences in maximum water equivalents
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FIGURE 9 Snow distribution on clear-cut watershed
after logging and burning.

throughout the watershed are apparent in Figures 7
and 9 with maximum water equivalents at individual
sites varying by 100 percent or more. Thus, total
inflow at a given site could be doubled just by
changes in snow distribution 1leading to localized
increases in piezometric 1levels and accompanying
chances for slope failure.
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Effects of Vegetative Removal

The regression relationship shown in Figure 4 can be
used to estimate the effects of logging on peak pi-
ezometric rise because logging caused statistically
significant increases in ablation. For example, ab-
lation rates were increased in the logged watershed
an average of 2.5, 2.3, and 2.8 mm day ! for the
postlogging years of 1973, 1974, and 1975, respec-
tively, compared with those on the unlogged water-
shed. This represents a 30 percent increase in aver-
age rates caused by logging. Based on the regression
coefficient of 0.95 for the piezometer with the
maximum level on watershed 1, these ablation in-
creases represent respective increases of 0.24,
0.22, and 0.27 in relative piezometric height for an
average increase of 41 percent. Similarly, average
piezometric heights on the logged watershed were in-
creased by 0.16, 0.15, and 0.18 in relative piezo-
metric levels for an average increase of 68 percent.
These data make it possible to estimate the ef-
fects of timber removal on the probability of peak
piezometric levels. For example, the maximum levels
relative to soil depth on watershed 1 for 1973,
1974, and 1975 would have been 0.18, 0.65, and 0.72,
respectively, if timber had remained undisturbed. If
these data are combined with the data for the two
additional years before the disturbance, the proba-~
bility of piezometric levels for undisturbed condi-
tions can be estimated. The five data points were
plotted on normal probability paper by using the
Hazen procedure (20) for determining plotting posi-
tion. A curve was fitted to the data by using linear
least squares (Figure 10). Obviously 5 years of data
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FIGURE 10 Probability of relative piezometric level on
clear-cut watershed before and after timber removal.

are not adequate for accurate frequency analysis.
However, the approach is useful for illustration
purposes. For example, by using the fitted curve,
the probability of occurrence of the peak piezomet-—
ric level in 1975 would have been 0.17 for undis-
turbed conditions. Thus, levels of this magnitude
would have occurred an average of about 17 times in
100 years. In comparison, the probability of obtain-
ing the level actually measured in 1975 (after log-
ging) was only about 0.017 if the area had not been
logged. Such a level would only occur an average of
1.7 times in 100 years without timber removal. Thus,
the occurrence of maximum levels was increased up to
10 times by timber removal.

CONCLUSIONS

Snowmelt is the primary climatic factor influencing
piezometric levels in steep mountain areas in Idaho.
Peak levels are not sensitive to instantaneous or
mean daily snowmelt rates because of the influence
of storage effects. Average ablation rates from the
time of peak snow accumulation to the time of disap-
pearance of the snowpack proved to be a good predic-
tor of maximum and average piezometric levels on the
study watersheds.

Timber removal influenced piezometric responses
during snowmelt by increasing total snow accumula-
tion, changing snow distribution, and increasing
snow ablation rates. Logging caused most of the
change in snow accumulation and melt. There was some
suggestion of burning effects as well, but these
were minimal compared with the 1logging effects.
Using the relationship between mean ablation rates
and peak piezometric levels coupled with the known
changes in ablation rates caused by the logging, it
was possible to predict the effects of logging on
peak piezometric levels. On the average, logging in-
creased maximum levels by 41 percent and average
levels by 68 percent. A probability analysis of
annual maximum levels suggests that their frequency
was increased up to 10 times by timber removal.
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Long-Term Groundwater Monitoring

in Mountainous Terrain

RODNEY W. PRELLWITZ and RONALD E. BABBITT

ABSTRACT

Groundwater peak flows that trigger land-
gslides in the northern Rocky Mountains
occur in the winter and early spring when
access ig limited. The Forest Service, U.S.
Department of Agriculture, is developing
instrumentation for monitoring groundwater
under these conditions. The system operates
unattended under extreme wecathcr oconditions
for 9 months, powered by rechargeable bat-
teries; stores groundwater data on solid-
state integrated-circuit storage modules
that can be read directly into a host com-
puter for data processing; is adaptable to
precipitation monitoring; and is relatively
inexpensive. Instrumentation and installa-
tion problems, as well as remedial mea-
sures, are discussed. Sample field data
recovered since 1981 and practical appli-
cations of that data, including groundwater
rise in response to precipitation modeling,
landslide correction, and aquifer analysis,
are discussed.

Groundwater in mountainous forest lands is the most
dynamic variable to deal with in a slope stability
analysis because it fluctuates constantly in re-

sponse to precipitation. In spite of this, 1little
groundwater monitoring has been done and few re-
sponse models have been developed €for watershed
analysis. Likewise, geotechnical engineers, who may
go to great lengths to determine more exact values
for the other variables in a stability analysis,
will often assume a value for the critical phreatic
surface that i1s not based on groundwater-monitoring
data. One basic reason for insufficient monitoring
to support predictions is that dependable, inexpen-
sive, long-term monitoring instrumentation currently
is not commercially available. This paper is a prog-
ress report on a feasibility study to develop this
methodology.

PHYSIOGRAPHIC SETTING

Groundwater concentration and flow in forest water-
sheds in the northern Rockies is dictated largely by
physiographic conditions. Precipitation at higher
elevations is mostly in the form of snow that can
yileld equivalent annual rainfall of 50 to 100 in. or
more, although the neighboring valleys may receive
less than 20 in. The manner in which this snow melts
in the spring is a key factor in the determination
of the seasonally high groundwater level. At the
upper reaches of the watersheds, organic matter and
windblown material such as volcanic ash are abundant
near the ground surface. As a result, most of the
snowmelt enters the ground with little overland sur-
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face flow. Near the ground surface, groundwater
migrates downward in unsaturated flow to some less
permeable dralnage barrier where it 1is concentrated,
forms a phreatic surface, and migrates along that
barrier in saturated flow. Further concentration is
controlled by the geomorphic shape of the landform.
Perched water tables that form under this mecha-
nism are common in the loose surface material: in
colluvial subsoils overlying residval soil or bed-
rock, in residual subsoll overlying less weathered
bedrock, in glacial outwash subsoil overlying
glacial till, in the weathered (by frost heave,
vegetation, etc.) surface of most soils, and in nu-
merous other geologic settings where a more per-
meable material overlies a less permeable one.
Groundwater migration along the drainage barrier
is often not so simple as might be envisioned. The
soil mantle has frequently made natural stabilizing
adjustments as a response to groundwater movement.
Through frost action, creep, rapid movement over
short distances, and migration of the finer soil
particles through piping, groundwater channels can
develop that have hydraulic characteristics much
different from those of the host soil material.

DEVELOPMENT OF METHODOLOGY

Need

Access is another important factor that limits the
ability to monitor the seasonal groundwater fluctua-
tions. These forest watersheds can be inaccessible
(except by snowshoes, skis, snowmobile, or helicop-
ter) from October through June. The seasonally high
groundwater and resulting landslides occur during
this snowmelt period. Groundwater measurements made
during the summer are in no way indicative of the
seasonal high to anticipate during the snowmelt
period.

Progress Report

What is needed is a portable groundwater-monitoring
instrument that can be installed in an observation
well in October; will monitor (under extreme weather
conditions) the groundwater in that well for an ex-
tended period without service, powered only by a
rechargeable battery; allows the data to be easily
retrieved in June; and is inexpensive. In response
to these needs and as a part of an overall landslide
evaluation project, the Forest Service, U.S. Depart-
ment of Agriculture, is developing an instrumenta-
tion scheme. The feasibility study is near comple-
tion and sufficient data have been g¢gathered to
compile this progress report. To test the instrumen-
tation under actual conditions and the feasibility
of developing groundwater rise in response to pre-
cipitation models, groundwater has been monitored
for 1 to 2 years in 11 observation wells on 6 small
watersheds of various geologic and site conditions
in the mountains of northern Idaho and western
Montana. Three of these sites have active landslides
and the groundwater data are being used to design
landslide stabilization measures.

To link groundwater rise to precipitation for a
given watershed, it is necessary to have precipita-
tion data recovered at that site. For snow, it is
important to know not only how much (equivalent
rainfall) and when the snow falls but also when it
melts and is available at the ground surface for
groundwater recharge. Two precipitation-monitoring
devices to provide these data are being tested
(Figure 1):

1. A sacramento gauge (frustrum-of-cone shaped
tank) on a stand above the highest snow accumulation
to catch and monitor rain and snow as it falls and

2. A lysimeter (buried 55-gal oil drum with a
catch basin at the ground surface) to catch and mon-
itor snowmelt and rainfall when it is available at
the ground surface for recharge.

Instrumentation for these devices is electronically
similar to that used for groundwater monitoring.

Precipitation stations with each of these devices
are being tested at three watersheds that are also
being monitored for groundwater fluctuation., Moni-
toring has been conducted for one period (October
1982 through June 1983).

As should be expected in a new venture, not all
the data collected to date are usable. Instrumenta-
tion and installation problems either have been or
can be corrected. Sufficient progress has been made
and sufficient useful data are avallable for this
progress report.

INSTRUMENTATION
Features

Because of the advent of solid-state electronic
technology, long-term groundwater-monitoring instru-
mentation with the following capabilities is now
feasible:

1l. The equipment will operate under extreme
weather conditions without special temperature-con-
trolled housing.

2. Groundwater (or precipitation) data can be
recorded for a relatively long term without service
(at least 9 months), with only rechargeable bat-
teries for power.

3. In this long-term mode, the instruments sense
the water level in one or two locations (one or two
observation wells for groundwater and one or both
precipitation gauges) every 30 min., At the end of
the recording interval (12 hr for one station and 24
hr for two stations), minimum, maximum, and average
of these 30-min readings are determined. These three
sets of data are then stored (to document the fluc-
tuations during the recording interval) on a solid-
state data storage module (DSM), the 30-min readings
are dumped, and the process is repeated for the next
recording interval.

4. The instruments can be easily changed to
shorter sensing and recording intervals for more
intensive monitoring of peak conditions (when access
permits) ., Optional short-term modes are summarized
in Table 1.

5. Data from the DSM can be read directly into a
computer (through a reader) for permanent storage on
magnetic tape and for printing. Once on permanent
file the data can be reduced, plotted, and so forth,
through the computer with appropriate software.

6. The system is relatively inexpensive. Cost of
instrumentation (1982 prices), not including drill-
ing observation wells and installing precipitation
gauges, was about $1,300 for one station per record-
er and $1,500 for two stations per recorder.

Major Components

The major instrumentation components include a
solid-state data-logging device, signal-conditioning
circuitry, rechargeable battery, and pressure trans-
ducer water-level sensor (Figure 2). With the excep-
tion of the sensor (which is installed in the obser-
vation well or precipitation gauge), all components
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TABLE1 Summary of Sensing and Recording Intervals

Maximum Period to Reach DSM Storage
Capacity®

Recording Sensing Single Channel Double Channel

Interval Interval
(hr) (min) Days Months Days Months
1 5 28.4 14.2
3 10 853 2.8 42.7 1.4
6 15 170.6 5.7 85.3 2.8
12 30 341.2 11.4 170.6 5.7
24 30 682.3 22.7 341.2 11.4

Note: Data recorded were average, maximum, and minimum of readings at sensing
intervals.

apsm capacity = 2,047 data registers.

are enclosed in a watertight electrical case that is
12 x 12 x 6 in. and 37 1lb (Figure 3). Following is
information on the main functions of each major com-
ponent. Table 2 is a summary of some of the vital
statistics and approximate costs; the manufacturers
and brands listed were not necessarily the only ones
available. Readers should make competitive compari-
sons before purchasing.

Data Logger

The data logger used is a Datapod voltage recorder
manufactured by Omnidata International, Logan, Utah.

LYS/IMETEAR
FESERVOIZ TANK

TAANSN/CER

The manufacturer developed a special model (212S) of
this two-channel voltage recorder for this project.
This version has a program module that produces a
"gsystem on" command pulse 1 min before the sensor
reading, which allows warm-up time for the signal-
conditioning circuits and the sensor to stabilize.
Five sensing and recording interval combinations
have been programmed (three more are available for
future programming) and are preset with internal
switches to provide a wide range of sampling
schemes. The maximum length of time before servicing
(replacement of the DSM) is controlled by the stor-
age capacity of the DSM and varies with the sampling
scheme as summarized in Table 1. The recorder is
equipped with a liquid crystal display and readback
routine to allow the user to field check the instan-
taneous readings (against manual measurements) and
the data previously stored on the DSM. This manufac-
turer markets a reader for transferring the data
from the DSM to a variety of host computers for per—
manent storage and processing. Once the data have
been transferred to permanent storage, the DSM can
be erased by exposure to ultraviolet light and then
reused.

Signal-Conditioning Circuitry

The signal-conditioning circuiltry is triggered by
the recorder command pulse to provide a stable exci-
tation voltage for the sensor during the sampling
and is shut down between samplings. This limits the
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FIGURE 2 Major groundwater monitoring instrumentation components.
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FIGURE 3 Watertight case with major components.

power drain to about 2 min per sampling interval (1
min before sampling and 1 min after). All critical
components have low thermal coefficients to ensure
accuracy over a wide temperature range. Reference
and scale of the output voltage are adjustable to
allow calibration of the sensor output to the
recorder in either of the following optional modes:

1. Depth from the top of the observation well to
the water level (as used in qroundwater monitoring
to be in the same format as manual water-level
measurements) and

2. Height of water level above the sensor (as
used in the precipitation gauges to monitor accumu-
lated precipitation).

This circuitry was developed by the Forest Service
and is not yet commercially available. Schematics,
printed circuit diagram, materials list, and so on,

TABLE 2 Summary of Instrumentation Components

11

will be available in a technical report in the near
future. Materials costs are summarized in Table 2.
Using a printed circuit board, an electronics tech-
nician can assemble the unit in about a day and a
half.

Sensor (Pressure Transducer)

A solid-state differential pressure transducer
placed at the bottom of the observation well (or
precipitation reservoir tank) senses the weight of
the 1liquid above it. Silicon-diaphragm gauge-type
transducers are being tested that have one port (the
front of the diaphragm) open to the water and
another port (the back of the diaphragm) vented to
the surface to nullify the effects of variations in
atmospheric pressure, These silicon-diaphragm trans-
ducers are available from several manufacturers and
come in a variety of pressure ranges and accuracy
ranges, with or without temperature-compensating
thermistors, a variety of mechanical configurations,
and a variety of price ranges. Unfortunately, none
are made with a mechanical configuration designed
for this purpose, that is, economical installation
under water in a l.5-in. I.D. observation well.

In Figure 4 and Table 2 three types of transduc-
ers and mechanical enclosures being tested in this
project are summarized. Type A was used initially at
all trial field applications and proved satisfactory
in terms of cost, accuracy, and so on, for ground-
water monitoring. However, extensive problems were
encountered with the mechanical configuration in
leakage and failure by saturation through the atmo-
spheric vent port or by galvanic degradation. The
transducer referred to as type B, although more
expensive, has the best mechanical configuration
because it is factory enclosed and the atmospheric
port is vented to the surface through a second tube,
greatly reducing the potential for saturation dam-
age. At this time, the manufacturer is discontinuing
this type as a stock item and in the future it will

Major Approx.
Component Manufacturer Description Cost ($1982)
Data logger Omnidata Datapod model 2128 745
International, One or two channels
Logan, Utah Accuracy: 0.5 percent of full scale

Power: eight internal AA alkaline batteries
Operating life: 9-12 months

Signal-conditioning
circuitry

Assembled by
Forest Service

One or two channels 3502
Current consumption: standby, <0.15 mA;load, 5.5 mA

Automatic zero amplifiers for temperature stability

Battery Several

Sealed gelled electrolyte, 12-V, 23-A hr 90
Weight: 19 1b

Size: 6.5 x 6.75 x 5.5 in.

Sensors (pressure
transducer only)
Type A MicroSwitch,

Freeport, 11l

Model 135PC05G2 40
Range: pressure, 0-5 psi; height of water, 0-12 ft

Accuracy: £1.5 percent
Not factory enclosed
Not temperature compensated

Foxboro/L.C.T,,
San Jose, Calif.

Type B Model 1700

160 (?)

Range: pressure, 0-10 psi; height of water, 0-23 ft

Accuracy: £0.5 percent

Factory enclosed

Not temperature compensated

Type C Foxboro/I.C.T.,

San Jose, Calif.

Model 2170

90

Range: pressure, 0-15 psi; height of water, 0-35 ft

Accuracy: *0.25 percent
Nout factory enclosed
Not temperature compensated

AFor components.
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FIGURE 4 Mechanical configuration of three pressure sensors.

have to be custom made, further increasing the cost.
Type C is performing well, is less likely to be sat-
urated than type A, but is not as positively sealed
and is more difficult to assemble than type B.

At this time, the unavailability of a dependable
economical transducer in a positively sealed enclo-
sure of the size and shape required for this purpose
is the weakest link in the system.

FIELD INSTALLATIONS

Field 1installations to test the instrumentation
under actual conditions have been made over the past
two field seasons and new installations are continu-
ing to be made in conjunction with current landslide
stabllization projects being conducted by Forest
Service geotechnical engineers. The following sum-
marizes the field installation procedures.

Observation Wells

At sites inaccessible to truck-mounted or track-
mounted rotary drilling equipment, a semiportable
A-frame mast and motorized cathead were used with
standard penetration test (SPT) equipment [140-1b
hammer, AW rod, and 2-in. O.D. split-spoon sampler
(ASTM D 1586)1. The drilling procedure was to per-
form successive standard penetration tests through
the soil mantle and below the drainage barrier to a
depth sufficient to verify that the barrier had been
penetrated. Typical drill hole depths ranged from 5
to 30 ft in the varlety of geologic materials sum-~

marized previously. This method has the added advan-
tages of providing continuous soil samples and SPT
rates for compiling an accurate drill log and of not
requiring drilling water so that groundwater is
easier to detect. Production rates for a three-per-
son crew (two drilling and one logging and process-—
ing samples) ranged from two to five observation
wells per day.

The observation wells were cased with 1.5-in.
I.D. polyvinylchloride (PVC) horizontal drain flush-
joint casing slotted with 0.02-in. openings in the
lower section and unslotted in the upper section. In
most cases the hole diameter resulting from the pen-
etration of the 2-in. sampler provided sufficient
clearance and remained open long enough for easy in-
stallation of the PVC casing.

The annulus between the drill hole and PVC casing
was small but required backfilling and sealing to
prevent surface water infiltration along the casing.
Backfilling was with clean, poorly graded sand to
within 1 ft of the surface. Sealing at the surface
was with bentonite pellets.

Sensors in Observation Wells

Type A and B transducers were mounted in convention-
al 0.5-in. I.D., thin-walled PVC plastic water pipe
available at most hardware stores. This pipe is
available in lengths that allow an uncoupled 20-ft
rigid conduit from the top of the observation well
to the transducer. The pipe serves two purposes:
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1. It acts as a conduit for electrical leads and
atmospheric venting, and

2. When bolted to the top of the observation
well, 1t counteracts buoyancy and holds the sensor
in place at the bottom of the observation well as
the groundwater rises.

There 1is sufficient clearance between the 0.5-in.
pipe and the 1.5-in. observation well casing to
allow for manual measurement of the groundwater
level. This method is satisfactory for hole depths
of 20 ft or less but can be cumbersome and require a
more expensive flush-coupled casing for deeper holes
to allow manual measurements.

The type C transducer was mounted at the bottom
of a clear 0.5-in. I.D. flexible vinyl tubing, which
is more suitable for deeper holes because the length
does not pose a limitation. The buoyancy of the sub-
merged length of flexible tube must be compensated
for by weight placed at the bottom of the sensor
(see Figure 4).

Precipitation Gauges

Figure 1 shows a typical field installation of the
precipitation gauges used in this project. Each was
charged initially with 5 gal of antifreeze to mix
with the water and prevent freeze-up and damage dur-
ing the initial cold months. One quart of light oil
was added to each to act as an antievaporative seal
at the water surface.

The pressure transducer for the sacramento gauge
should be of the temperature-compensating type be-
cause it is mounted above ground and subjected to
extreme temperature fluctuations. A type A transduc-
er (which is not temperature compensating) was used
initially and the resulting data showed variations
from temperature (i.e., daily fluctuations between
minimum and maximum recordings over a period of the

13

days with the same average recording). A more
accurate transducer than type A should also be used
because small fluctuations in reservoir tank level
calculate into large amounts of equivalent rainfall,
particularly near the bottom of the tank because of
the cone shape.

A problem with the initial 1lysimeter installa-
tions rendered the first season's data useless. The
catch basin was designed 1 x 1 ft square to ensure
that the capacity of the 55-gal barrel would not be
exceeded by a maximum equivalent rainfall of 100 in.
The basins were installed about 1 in. above the
ground to prevent surface runoff from entering (see
Figure 1). In all installations for the first season
the lysimeters contained a negligible quantity of
water, even though the sacramento gauges had volumes
indicating more than 30 in. of equivalent rainfall.
One explanation is that ice over the hardware cloth
covering the catch basin at the base of the snowpack
might have prevented snowmelt from entering the
basin. An alternate design now being tested involves

1. Burying the entire catchment area below the
ground surface, backfilling with native topsoil, and
revegetating to natural conditions; and

2, Using a much larger catchment area and re-
sorting to a buried tipping-bucket type rain gauge
if necessary to eliminate the problem of the 55-gal
capacity.

PRACTICAL APPLICATIONS

The practical applications of long-term groundwater
monitoring are numerous. The following discussion
(based on interpretation of actual groundwater data
recovered during the first two monitoring seasons)
will be used to illustrate a few.
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FIGURE 5 Groundwater and precipitation plot for Lean-to Ridge watersheds, Clearwater National Forest, Idaho
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FIGURE 8 Groundwater plot for Doney-Willow landslide, Deerlodge National Forest, Montana.

Groundwater Rise in Response to Precipitation
Modeling

Figure 5 is a composite plot of hydrographs of
groundwater and sacramento gauge data recovered on
two small watersheds in northern Idaho. All observa-
tion wells are in similar geologic material, as
shown on the logs. One well (DH 24) is in a north-
aspect watershed about 0.5 mile from the south-as-
pect watershed, where the other drill holes and
precipitation station are located. The data from all
three wells show a similar response to some of the
precipitation as recorded in the sacramento gauge
data. The response is primarily to late-season pre-
cipitation, which 1s usually in the form of rain on
snow. Lysimeter data, when the monitoring technique
is perfected, will help to explain this recharge
phenomenon. Some preliminary inferences as to the
location of the drainage barriers and relative dif-
ferences in response due to aspect can also be made
from comparison of the three groundwater hydro~
graphs. Groundwater rise in response to precipita-
tion modeling is the key element in analysis of
probability of landslide occurrence.

Landslide Correction

Pigure 6 shows a composite of hydrographs for
groundwater data from two observation wells located
above the scarp of an active landslide in western
Montana. During the monitoring season, the scarp had
advanced adjacent to and beyond the observation well
in drill hole 1 (Figure 7). Comparison of the two
hydrographs suggests a progressive mode of failure

at drill hole 1 with several groundwater peaks at
subsequently lower 1levels apparently triggering
additional landslide movement. The practical appli-
cation of these data is in the selection of the
critical undrained and drained phreatic surfaces to
use in the stability analysis and stabilization
drainage system design.

Aquifer Analysis

Figure 8 shows a composite of hydrographs for
groundwater data from two observation wells about
100 ft apart in another active landslide in western
Montana. The two wells are in the direction of
groundwater flow and have similar response curves;
the groundwater peaks arrive at the lower location
about 24 hr after the upper location (closer time
definition is possible by sampling at shorter inter-
vals). Using a seepage velocity of 100 ft/day with
the hydraulic gradient and estimated effective po-
rosity of the soil, a coefficient of permeability in
the range of 10~? cm/sec was estimated.

The coarsest aquifer soil noted on the log was a
fine SP (poorly graded sand). This field-determined
value appears high when compared with laboratory-
determined permeability for similar soils, Data such
as these should be useful in evaluating the piping
and channel-making phenomena discussed earlier and
in the location and sizing of stabilization drainage
systems.

Publication of this paper sponsored by Committee on
Engineering Geology.



Forecasting Groundwater Levels: A Stochastic Procedure

ABSTRACT

In many existing and potential landslides,
groundwater is a majnr factor contributing
to the reduction in soil strength and sub-
sequent movement. One prerequisite for
evaluation and effective implementation for
remedial measures in landslide management
is the prior knowledge of temporal varia-
tion of groundwater 1levels, which may be
computed by using deterministic methods
based on meteorological data and soil-water
parameters, for example, permeability. The
reliability of such methods depends on the
accuracy of the data used. Alternatively,
mathematical models, which use historical
groundwater data as the sole input, may be
employed to yleld results satisfactory for
planning needs. By considering the occur-
rence of groundwater levels as a stochastic
process, that is, as random sequences in
time, the problems of parameter estimation,
hydrometerological factors, and so on, are
eliminated. In this study monthly water-
level observations from an observation well
were used in model building by fitting an
exponentially weighted movina averaqe
(EWMA) . The EWMA forecasts and those from
the Box-Jenkins stochastic procedure are
ugsed for comparison with observed values.
It is shown that both EWMA and Box-Jenkins
forecasts are statistically indistinquish-
able from the actual observations. Several
statistical tests applied to the two sets
of forecasts indicate that EWMA estimates
are significantly closer to the actual ob-
servations. It is concluded that ground-
water levels can be economically and confi-
dently predicted based solely on past
historical data.

Groundwater is defined as that part of the ogoil-
water system that is free to move from point to
point under the influence of gravity. The surface of
that body of free water, which is at atmospheric
pressure, is the groundwater table, Below this level
the groundwater will be more or less continuous and
pressure increases hydrostatically.

Groundwater plays an important role in the sta-
bility of a soil mass. The presence of qroundwater
can cause excess pressures in the soil or excessive
drainage from the soil, depending on its permeabil-
ity (1,pp.65-82). The problems associated with ex-
cessive drainage may be remedied with proper drain-
age control methods. Excess pressure reduces the
normal effective stress in the soil, and the resis-
tance to shear decreases. Draining will reduce the
pressures and increase the shear strength. A ratio-
nal stability analysis or design of a drainage sta-
bilization scheme thus requires a knowledge of
qroundwater (pressure) distribution. Therefore iden-
tification of the sources, movement, amount of

water, and water pressure is as important as the
identification of the soil or soils.

The factors governing the flow of water through a
soil mass and those predicting the water pressure
distribution are well understood, but the inherent
nonhomogeneous nature and anisotropic behavior of
the natural soils make the computation of water
pressure distribution difficult. Hence it is often
recommended that reliance be placed on water pres-
sures observed directly in the soil mass. Ground-
water levels or pressures can be measured by a
variety of commercially available piezometers. The
most common water—-level recording technique, despite
more sophisticated methods, is the measurement of
the depth to the water table in an uncased bore hole
or observation well.

PREDICTION OF GROUNDWATER LEVELS

One prerequisite for the evaluation and effective
implementation of remedial measures in landslide
management is the advance knowledge of the ground-
water levels. Engineers and groundwater hydrologists
are currently using a variety of methods that cover
a wide spectrum from subjective intuitive methods to
rigorous deterministic methods. The 1latter tech-
niques depend entirely on hydrometerological and
soil-related factors that cause groundwater levels
to fluctuate and are relatively difficult and expen-
sive to develop. Further, such models do not provide
much lead time to develop and implement preventive
measures. Statistical models based only on histori-
cal groundwater data, however, project future occur-
rences of groundwater levels, which estimates may be
satisfactory for planning purposes. Such models have
proven to be useful in predicting lake levels (2,3)
and forcasting engineering costs (4). i

The purpose of this study 1s to utilize a fore-
casting technique called the exponentially weighted
moving average (EWMA), which has its roots in the
mathematics of the time-series analyses and has been
proven to be sufficiently flexible to account for
both seasonal and trend variations. The predictive
accuracy of EWMA is compared with other available
results (5,pp.153-159).

EWMA METHOD

Let dy, dy, ..., dg_3, dy be the depths to
the water table measured at equal intervals of time.

To estimate the depth to the water table (dy4j;) at

time (t+1), the estimate ?dt+1) may be obtained as a
weighted sum of the past observations; that is,

Ae4y = wode + wyde_g + wodpo + ... (1)

in which wg, w3, Wy, ... are the weights attached to
the known observations of water-table depths. It
would seem reasonable and sensible to attach more
weight to recent observations and proqressively less
weight to observations further in the past. An intu-
itively appealing set of weights are those that de-
crease in geometric progression (6). Equation 1 may
then be expressed as
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dps1 = Mg + A1 = Mdpog + ML = M 2de_g + .un (2)

in which A is called a smoothing constant and lies
in the range of 0 < A < 1., Equation 2 implies an in-
finite number of past observations that are required
to estimate at+1; in practice, however, only a finite
number of observations are available. Let Equation 2
be expressed in the following form:

dger = Mg + (1= ) D@pg + A(L = Mdpop + .0n]
Mg + (1= A)dg (3)

which is an EWMA.
Equation 3 may be written as follows:

dps1 = A Qg - Ap) + 3y = ey + ¢ (4)

in which e, is the error in estimating the depth
to the water table at time t. The magnitude of the
smoothing constant ) depends on the characteris-
tics of the time series. For a chosen value of ),
the expression

€t
Ie?
i=1 1
is calculated. This computation is repeated for
several values of X in the range of zero to unity.
That value of ) corresponding to the minimum such
computation is the optimum ) that is used in esti-
mating the depth to the water table at time (t + 1).
Winters (7) has generalized the foreqoing method
to deal with time series that contain trend and sea-
sonal variations. Let My be the estimated current
mean, T, be the estimated trend (i.e., the ex-
pected change in current mean), and Sy be the
estimated seasonal factor in period t. As each set
of new observations becomes available, the terms
Mg, Ter and S¢ are updated. The seasonal
variation in the time series may possess either a
multiplicative or an additive effect. Should the am-
plitude of the seasonal pattern be proportional to
the level of the observations, a multiplicative, or
ratio, seasonal effect is said to exist., If the
amplitude, however, is independent of the levels, an
additive effect should be considered. A graphical
plot of the data must be examined to determine
whether an additive or multiplicative seasonal ef-
fect is present. The updating equations for Mg and
S¢ in an additive seasonal effect are as follows:

Mg = a(dg = Sgog) + (1 = a) (Mgoy + Teo)) (5a)

S¢ = B(dg ~ My) + (1 - B)S¢_g (5b)
in which o and B are the smoothing constants with
0 <a<land 0 <B <1 and s is the seasonal span
(s = 12 for monthly data). The current mean and sea-
sonal factors are thus updated by linear superposi-
tion of known past values., If the seasonal variation
is multiplicative, the updating equations will be as
follows:

My = (ady/Se_g) + (1 = a) (My_g + Tp_q) (6a)

Se

(Bdg/My) + (1 - B)Sg_g (6b)

The updating equation for the current trend term in
both the seasonal effects is
Ty = y(Mg = Meg) + (1 = y)Teq 0 <y<xl1 (7)

The forecast at+h for time
following:

(t + h) is given by the
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Aesp = (Mg + hTy) Sp_gyp h=1, 2, ...p 8 (8)
Equations 5, 6, and 7 are of such a nature that if
the state of a time series is known at an initial
time t = tg, a solution can be obtained for t > tg
and is uniquely determined by Equation 8. The start-
ing values of My, S¢, and Ty for this iterative pro-
cess may be calculated from the initial observations
of the time series; that is,

s
Ml = I (dt/s)
t=1
2s
My = [ (d/s)
t=s+l
Ty = (M - My) /s
and

8§ = 0.5[(3;/My) + (dj45/My)] i=1,2, ..., 5 (9)
For example, for monthly groundwater data the first
(28=) 24 observations are used to calculate My, My,
Tyr 837 Sp¢ wveyr Sy

The three smoothing constants «, A, and y are
varied in the range of zero and unity, and the quan-
tity fe? is computed. The set of wvalues for
(a,B,y) corresponding to the minimum of the com~
puted Ie? is the optimum set for (a,B,y), which is
used in updating the equations for Mg, S¢, and Ty,
which in turn are substituted in Equation 8 to es-
timate dp4y for the horizon of time h.

Few comments may be made about the magnitudes of
the smoothing constants. Some time-series components
experience little random effect; therefore the value
of the corresponding smoothing constant will be
small or even zero, because there is no use changing
the original and still accurate estimate. In other
time series there may exist substantial drift, in
which case two possibilities may occur: (a) little
random effect will lead to large values for the
smoothing constant, weighting current estimates
heavily, and (b) a large random effect will yield
relatively smaller values.

DATA CHARACTERISTICS

The average monthly water-level depths in an obser-
vation well (Figure 1) are taken as the data for
this study. The depth to the water table is measured
below a fixed reference datum. The observation well
consists of a 3.50-in.-diameter hole drilled to a
depth of 210 ft below the ground surface; the top 80
ft is enclosed in a 4.25-in.-diameter steel casing.
The general sequence of soils consists of bluish-
brown medium-plasticity clay to an approximate depth
of 65 ft lying over 65-ft-thick greenish-brown high-
plasticity shale, which is underlain by 8-ft-thick
greyish-blue sandstone; the remainder of the bore
hole consists of greyish-brown shale and siltstone.
The average depths to the water table were
recorded on the hydrographs for the period January
1961 to December 1976. The data for the initial 14
years (a total of 168 observations) were used in
building the mathematical model employing the EWMA
method. The next 24 observations were used to test
the forecasting model: making a forecast, moving
along one set of observations of period s (=12 for
monthly data), comparing the forecasts with recorded
data, absorbing the actual observations into the
forecasting model, making the forecasts for the next
period, and repeating the cycle. Such a method of
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FIGURE 1 Water levels in an observation well.

model building for a certain time period and compar-
ing the (model) forecasts with known observations of
a subsequent time period is called ex post forecast-
ing.

The first step in model building is to study a
plot of the groundwater data (Figure 1l). A visual
inspection of the plot sudqgests that the data have
no fixed periodicity and do not exhibit any discern-
ible trend.

STUDY RESULTS

The calculated values of mean squared error,
f(actval minus forecast)?/24, are presented in
Tables 1 and 2 for a grid of values of the smoothing
constants a, B, aind y. A coarse grid of 211 pos-
sible combinations of the values 0.0, 0.2, 0.4, 0.6,
0.8, and 1.0 for the smoothing constants is given in
Table 1, which shows a minimum value of §5.25 for
fe?, in which e, the error, which is the actual
value minus the forecast value, is obtained. A finer
grid of a, B, and y in steps of 0.01 yields the
results shown in Table 2; the value of fe? |is
rather flat near its minimum. The grid of values for
a, B, and y was further refined and the optimum
set of the smoothing constants is o = 0.295, B =
0.999, and y = 0.026. The smoothing constant 8
associated with the seasonal variation is large, in-
dicating that seasonal adjustments are quite pro-
nounced in the groundwater data. The smoothing con-
stant o corresponding to the current mean is
small, suggesting that the mean values of the
groundwater data require occasional updatina. The
value for y 1is negligibly small; that is, the
trend parameter needs slight or no revision, This
shows that no abrupt shifts in groundwater-level
trends occur. A comparison of EWMA forecasts with
the observed groundwater levels for the years 1975
and 1976 is presented in Fiqure 2 and Table 3. A
visual appraisal of Figure 2 reveals that the fore-
casts are in excellent agreement with the recorded
observations and the largest deviation appears to be
of the order of 0.30 ft.

COMPARISON OF FORECASTS

Koppula (5) applied the Box-Jenkins stochastic time-
series method (8) to model and estimate the depths
to groundwater. The Box-Jenkins approach identifies

the stochastic components in a time series, that is,
the autoregressive and moving average components,
whereas the EWMA incorporates readily any drifts
over time into its model and filters out substantial
random effects that may be present in the recorded
observations.

A  summary of the comparison among the EWMA
method, the Box-Jenkins forecasts, and the actual
observations is presented in Table 3. The predictive
accuracy is evaluated by using the mean error
(ze/24), mean absolute error (rlel/24), and the
mean squared error (re?/24); the lower the
values for these quantities, the better are the
forecasts. As may be seen, EWMA forecasts are closer
to the actual observations. Both the criteria
flel/24 and 7re?/24 are important because it is
difficult to determine the consequences of forecast
errors. Whenever the conseguence or conseguences of
one large error are more serious than that of sev-
eral small errors, the mean squared error will be a
more appropriate criterion. The mean absolute error
gives the total absolute deviation over the horizon
of forecasts; in this case it is over a period of 24
months.

Mincer and Zarnowitz (9/pp.15-25) define the ac-
curacy of a set of forecasts F(t) based on the

following:

A(t) = ag + alF(t)

where

A(t) the observation at time t,
F(t) the corresponding forecast, and
ag and aj = constants.

If ap = 0 and a7 + 1, the forecast is said to be ac~
curate. The constants ag and ay are determined by the
application of 1linear least-squares regression to
the actual observations for the period 1975-1976 and
to the corresponding forecasts. By regressing the

actual observations the following equations were ob-
tained:

Actual = -3,14 + 1,18 EWMA R?
SE

50 percent
0.16

Actual = -0,27 + 1.02 Box~Jenkins RZ = 19 percent
SE = 0.21

The coefficients 1.18 and 1.02 are not significantly
different from unity at the 95 percent confidence
level. Also the constants of regression -3.24 and



TABLE 1 Sum of Mean Squared Error: Coarse Grid

A A
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
a=0. o =0.6
B=0.0 % * * % * * 8=0.0 18,91 52,55 45.19 28.70 29.58 42.17
0.2 * * * * * 5 0.2 11.39 57.94 63.12  27.72 k6.22
0.4 * * * * * * 0.4  9.86 39.14 * * 64.57 %
0.6 87.65 87.54 B87.46 87.35 87.15 85.57 0.6 11.41 12.52 * &
0.8 41.84 41,79 W1.75 41.70 41.61  40.87 0.8 13.77 15.15 L
1.0 22.85 22.82 22,80 22.77 22.72 22.34 1.0 14.91  37.53 * * ¥
a=0,2 o =0,8
g=0.0 35.36 37.11 71.48 = # * 8=0.0 18.52 48.32 43,07 38.66 42.91 4B.27
0.2 26.21  6.71 10.10 13.41 # 0.2 14.49 53.14 h47.72 30.09 30.52 39.05
0.4 22,0 575 10.69 19.37 ¥ # 0.4 11.87 60.35 62.79 25.77 20.81 31.50
0.6 18.86  5.63 12,36  33.21 0.6 10.03 68.04 95.63 27.20 23.95 30.70
0.8 16.36 5.45 16.59 * 0.8 8.82 73.79 35.59 76.70 28.17
1.0 14.62 5.28 % # 1.0 B8.18 74.83 = 60.18 *
a = 0.4 a=1.0
g=0.0 20.80 57.93 ¥0.73  * * * g=0.0 18.43 46.26 42.67 38.27 35.15 29.38
0.2 13.80 16.36 57.10 * * 0.2 18.43 46.26 42.67 38.27 35.15 29.38
0.5 15.68  5.25% 36.43 * 0.4 18.43 46.26 42.67 38.27 35.15 29.38
0.6 15.99  5.40 72.95 = # # 0.6 18.43 46.25 42,66 38,26 35.15 29.38
0.8 16.75 15.38 * * # * 0.8 18.43 h46.25 42,66 38.26 35.14 29.37
1.0 17.42 16.50  * # * * 1.0 18.43 46.25 42,67 38.27 35.15 29.38
* The value is larger than IxIO2
& Minimum Eez
TABLE 2 Sum of Mean Squared Error: Finer Grid
* A
0.02 0.03  0.04  0.05  0.06 0.02 .03 0.04 .05 0.06
a =0.28 o =0.31
8=0.96 2.65 2,18 2.83  3.34 372 8=0.96 2.45 .19 2,88 342 3.8
0.97 2,63 2,17 2.81 3.32 3.70 0.97 2. 44 .18 2.86 39 3.79
0.98 2.62 2.17  2.80  3.30  3.68 0.98 2.43 7 2.8 37 3.77
0.99 2.60 2.16  2.78  3.28  3.66 0.99 2.4 .16 2.83 35 3.7
1.00 2.61 217 2.79 3.29 3.67 1.00 2.45 A7 2.84 .36 3.76
a =0.29 a =0.32
8=0.96 2.43 2.18 2.83 3.35 3.74 8=0.96 2.64 521 2.91 46 3.88
0.97 2.42 2.17 2.8  3.33  3.72 0.97 2.63 .20 2.90 Ak 3.85
0.98 2.40 2.16 2,80 3.32  3.70 0.98 2.63 .13 2.88 b2 3.83
0.99 2.38 2.15% 2,79 3.30  3.68 0.99 2.61 A7 2.86 .o 3.80
1.00 2.39 2.16 2:79 3.30 3.69 1.00 2,63 .19 2.87 .39 3.82
o =0.30
B=0.96 2,35 2,18 2.85  3.38  3.77
0.97 2.33 2,17 2.83  3.36  3.75
0.98 2.32 2.16 2.82 3.34 3.73
0.99 2.31 2.16  2.80 3.32  3.71
1.00 2.33 2,17 2.81  3.33  3.73
® Minimum e’
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FIGURE 2 Forecast comparison of groundwater levels.
TABLE 3 Depth to Groundwater: Forecast Evaluation
EWMA Method? Box-Jenkins Method”
Actual Estimated Ertor Estimated Error

Date Observation  Value (e) le| Se? Value (e) le| Se?

1975
January 18.47 18.42 0.05 0.05 0.0025 18.61 -0.15 0.15 0.0225
February 18.25 18.45 -0.20 0.20 0.0400 18.50 -0.25 0.25 0.0625
March 18.30 18.41 -0.11 0.11 0.0121 18.48 -0.18 0.18 0.0324
April 18.20 18.40 -0.20 0.20 0.0400 18.44 -0.24 0.24 0.0576
May 18.10 18.20 -0.10 0.10 0.0100 18.40 -0.30 0.30 0.0900
June 18.20 18.41 -0.21 0.21 0.0441 18.35 -0.15 0.15 0.0225
July 18.22 18.14 0.08 0.08 0.0064 18.20 0.02 0.02 0.0004
August 18.43 18.40 0.03 0.03 0.0009 18.37 0.06 0.06 0.0036
September 18.50 18.39 0.11 0.11 0.0121 18.38 0.12 0.12 0.0144
October 18.77 18.45 0.32 032 0.1024 18.37 040 040 0.1600
November  18.60 18.49 0.11 0.11 0.0121 18.38 0.22 0.22 0.0484
Deocember — 18,68 18.5§ 012 013 00169 18 40 028 028 0.0784

1976
January 18.63 18.71 -0.08 0.08 0.0064 18.50 013 043 0.0169
February 18.64 18.59 0.05 0.05 0.0025 18.51 0.13 0.13 0.0169
March 18.69 18.68 0.01 0.01 0.0001 18.54 015 0.15 0.0225
April 18.70 18.60 0.10 0.10 0.0100 18.53 0.17 017 0.0289
May 18.77 18.52 0.25 0.25 0.0625 18.62 0.15 0.15 0.0225
June 18.94 18.60 0.34 034 0.1156 18.59 0.35 035 0.1225
July 18.80 18.47 0.33 0.33 0.1089 18.42 038 0.38 0.1444
August 18.75 18.63 0,12 0.12 0.0144 18.40 0.35 035 0.1225
September 18,33 18.61 -0.08 0.08 0.0064 18.40 013 0:13 0.0169
October 18.52 18.58 -0.06 0.06 0.0036 18.42 0.10 0.10 0.0100
November 18.45 18.52 -0.07 0.07 0.0049 18.40 0.05 0.05 0.0025
December 18.38 18.40 -0.02 0.02 0.0004 18.35 0.03 0.03 0.0009

A¥e/24 = 0.0375; Tlelj24 = 0.1317; Te2/24 = 0.0265.

bBEej24 = 0.0812; Tlel/24 = 0.1871; Se%/24 = 0.0467.

-0.27 are not significantly different from zero. those made by the Box-Jenkins method. It is shown

and

Thus the accuracy criterion defined by Mincer
Zarnowitz is satisfied by the two mathematical
models. The Box-Jenkins method yields results that
can explain only 19 percent, whereas EWMA forecasts
explain 50 percent of the variations inherent in the
actual observations; further EWMA forecasts possess
smaller standard error of regression. Thus a com-
plete statistical evaluation suggests that the fore-
casts of groundwater levels from the EWMA method are
significant and are closer to the actual observa-
tions.

CONCLUDING REMARKS

The description of a mathematical procedure, EWMA,
to forecast future occurrences of groundwater levels
is presented. The EWMA estimates are compared with

that both methods yield results that are statisti-
cally indistinguishable from the actual observa-
tions. The EWMA method, however, provides better
forecasts, is relatively simple to use, and is inex-
pensive.

The object of this study has been to demonstrate
the availability of stochastic methods, which use
historical data as the sole input, to estimate
future groundwater levels for use in the evaluation
of the stability of existing or potential land-
slides. Having obtained reasonably accurate fore-
casts, advance strateqgic planning and design may be
undertaken for remedial measures in landslide man-
agement.

The time-series analysis 1s a useful and powerful
predictive tool. It should be emphasized that model
building and forecasting therefrom are a continuous



process; as new observational data become available,
they should be used to update the mathematical model.
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Predictions of Pore-Water Pressure and Soil Suction

Conditions in Road Cut Slopes in St. Lucia, West Indies:
A Methodology to Aid Cut Slope Design

M. G. ANDERSON and P. E. KNEALE

ABSTRACT

There is evidence in the tropics that soil
suction may play a most significant role in
slope stability. In many developing areas
of the tropics, relatively rapid assess-
ments of both road alignment and road
maintenance frequently have to be made. A
prediction capability is sought for soil
suction in selected residual soils of rele-
vance to road cut slopes in St. Lucia, West
Indies, and the topographic, material, and
precipitation controls on the soil suction
are established. It is shown that a dummy
variable regression model employing mate-
rial permeability, precipitation, and
qualitative site factors provides good
estimates of the recorded soil suction. In
addition, the variable importance of three-
dimensional slope topography on soil suc-
tion is identified. Failures logged during
the study period conform to the high-risk

sites estimated by the soil suction predic-
tion model. The low site investigation re-
quirement combined with the accuracy of
soil suction prediction render such a
procedure of potential use to road design
and maintenance in tropical areas where
only 1limited geotechnical investigations
are possible.

There is mounting evidence within the tropics that
soil suction might make a significant contribution
to slope stability. Sweeney and Robertson (1), for
example, stated that although the influence of soil
suction on soil strength has not yet been quanti-
fied, there is the likelihood that soil suction con-
tributes to soil strength, especially in the finer-
grained solls. More recently, Ho and Fredlund (2,
pp. 263-295) were able to demonstrate with a single
triaxial test the increase in strength due to soil
suction. 1In addition, they remark that there is no
reason to expect a reduction in suction during rain-
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fall where there is extensive surface protection
against infiltration and the groundwater is below
the toe of the slope. Adeguate surface protection
in this context may be either vegetation or "chunam"
protection as used in Hong FKong, for example. The
need for studying soil suction in tropical latitudes
has been reaffirmed by Brand (3,pp.89-143), who re-
ported that theoretical factors of safety for stable
slopes in residual soils are not Iinfrequently 1less
than unity. However, this error in analysis does
not have a unanimously agreed-on interpretation.
Certain workers arque that the error is due to the
neglect of the contribution of soil suction to shear
strength, whereas others aryue that minimum values
of soil suction cannot be realistically or readily
assessed in the field and subsequently used for de-
sign purposes., Studies undertaken in Hong Kong have,
however, shown that suction pressures act as modi-
fied effective stresses in that a matrix suction of
(Ua - Uw) increases the shear strength by (Ua - Uw)
tan ¢b, where ¢b is the angle of internal friction
with respect to matrix suction (3,4), Ua is the
pore-air pressure, and Uw is the pore-water pressure.

Parallel to the preceding investigations concern-
ing the relationship between suction and soil
strength, there have been a small number of studies
determining field suction values in tropical or sub-
tropical latitudes. Sweeney (5, pp.12-23), for ex-
ample, reports the results of a study in which soil
suction determinations were made to a depth of 38 m
through a concrete-lined pit wall (caisson) within
decomposed granite in Hong Kong in an attempt to es-
tablish whether suction could be maintained at such
depths during the wet season. In Honqg Kong, as else-
where in the troplcs, there is the strona possibil-
ity that suction provides a significant contribution
to slope stability. 1In the Hong Kong study, it is
of note that the residual volcanic solls with a per-
meability greater than 5 x 10°° m s ! always ex-
hibited suction during the reported period at depths
commengurate with nrevious shallow failures.

In the overall contribution of soil suction to
the hydrological and strength behavior of slopes,
there are four important aspects (6):

1. The possibility of a significant and sus-
tained stabilizing effect on hill slopes; this con-
tribution will likely vary according to grain size
as has been noted earllier;

2. Establishment of whether minimum suction oc-
curs simultaneously over significant areas; the ef-
fect of likely field variability in the controlling
factors of soil water-retention curves and perme-
ability makes this a most important aspect, espe-
cially in the context of strength mobilization
[Nielsen et al. (7) review spatial variability of
soll water properties]:

3. The water infiltration pattern, both verti-
cally and laterally; and

4, The timing and magnitude of groundwater re-
charge by the infiltration process under conditions
of either maintained soil suction or partial satura-
tion.

Soil water conditions are not especially well docu-
mented in areas of the world experiencing a tropical
climate and yet some of the more acute problems of
slope stability are known to occur in such areas. In
addition, even less attention has been paid to the
prediction of soil suction and pore pressures, de-
spite the potential utility in the calibration of
shear strength models for slope design, as has been
noted previously. The impact of control varlables
on soil suction has received even less attention.

In this paper it is recognized that there is a
need in many developing areas in the tropics to be
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able to make relatively rapid assessments of either
road alignment (8) or road maintenance proposals.
Initial coarse grouping of slide behavior and en-
vironmental factors can be made with some success,
using Landsat and other remote-sensing methods
[e.g., a joint project between the Indonesian Road
Research Institute and the Transport and Road Re-
search Laboratory in Indonesia and Brand (3) have
illustrated slide mechanics and gqeotechnical risk
can be assessed by terrain classification methods].
However, it is evident that relatively little at-
tention has as yet been focused on methods for pre-
dicting slope soll-water conditions with the same
prerequisite ot ease of estimation and an establish-
ment of response categories for topography, soil
type, and rainfall. Rectification of this situation
is sought by the construction of a methodology for
examining soil-water conditions that will facilitate
the enhancement of the exlsting methods for predict-
ing landslide risk for road alignments in the trop-
lcs. The assessments in this paper, although based
on empirical work in St. Lucia, West Indies, may
well be appropriate for other regions, as least as
far as the methodology and techniques are concerned.

EQUIPMENT FOR MONITORING SOIL SUCTION AND
PORE PRESSURE

It has already been stressed that in many residual
soils substantial negative pore-water pressures can
develop. Any method of monitoring pressures must
therefore take account of this condition, and it is
desirable to be able to record both negative and
positive pressures. Accordingly a portable hand-held
transducer unit was designed that could be carried
to each site; the transducer read line was coupled
to a zero-volume change tap that terminated the hy-
draulic read line from a l-bar ceramic pot burled at
the selected depth. The transducer used was differ-
ential {-100 to +200 kPa).

In addition, an automatic and continuously re-
cording unit has been designed (Fiqure 1), In this
configuration, 22 sensors can be scanned by a scani-
valve fluid switch, the output from which goes to a
single transducer and a microprocessor-based data
logger. Such a system was used by the senior author
for part of the extensive midlevels study in Hong
Kong, where monitoring of soil suction and pore
pressure was undertaken in 1980-1982 (9). The in-

FIGURE1 Automatically and continuously recording tensiometer
system (scanivalve enclosure on the right), microprocessor control,
and recording unit.
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strumentation has thus been well tested in tropical
conditions. [The authors have published a full re-
view of instrumentation for monitoring of soil suc-
tion and pore pressure in the tropics (10).]

DEVELOPMENT OF PREDICTION MODELS FOR SOIL
SUCTION AND PORE PRESSURE

Data Acquisition

The empirical work was undertaken on the Caribbean
island of St. Lucia, West Indies. Within St. Lucia,
nine sites were selected for the monitoring of soil
water pressures (Figures 2 and 3 and Table 1). A
daily monitoring program was undertaken for much of
the wet season in 1978 and 1979. 1In Fiqure 4 the
nature of soil water potentials that typically occur
in response to precipitation is shown. The monitor-
ing depth at all sites was 60 cm, corresponding to
the depth of failures occurring on the road cut
slopes (e.q., Fiqure 5, site 2 in Figure 3).

Plotting the results of the worst soil water
potentials for 40 storms for the sites grouped by
permeability results in the clear associations shown
in Fiqure 6. These preliminary findings strongly
suggested that a parsimonious statistical model
could be established for soil water potential (V)
at 60-cm depth at the slope base as a function of

SAINT LUCIA

FIGURE 2 Study site location.
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rainfall and site characteristics
permeability).

(topography and

Dummy Variable Regression Methods

Of course, standard multiple regression techniques
could be calibrated to predict pore pressure from
permeability, topography, rainfall, and other vari-
ables thought appropriate. However, in terms of the
relatively short time available for site investiga-
tions in the tropics and the sparsity of laboratory
testing facilities, it may be more relevant to con-
template the additional inclusion of gqualitative
site descriptions. Such a possibility is afforded by
dummy variable multiple regression.

This procedure involves the assignment of each
site to a group, the characteristics of which are
defined by the investigator and may be both qualita-
tive and quantitative. Table 2 shows the basis of
the grouping of the nine sites on the grounds of
permeability and topography. Formally, then, dummy
variables Dj,i = 1,9 (g groups) are defined such that
that D; is 1 for group i and 0 for all other groups.

The general regression model then has the form of
the following equation in the relationship between
storm precipitation and soil-water potential (assum-
ing n observations):

g g
Vo, =ap + ,22 (aj-a) D+ B X +_Z2(ﬂi -B1)DiX; )
i= i=
where
t=1, n,
w6°t = s0il water potential at 60-cm depth, and
ay = intercept of the base group.
The g - 1 remaining (aj = a1) values are inter-

preted as differences from this base group. The gra-
dient values (8j) are similarly interpreted.

When calibrated from the available 82 observa-
tions, the equation had the following form:

V4o =-36.36 ~9.99D; - 180.21D, - 109.69D; + 57.53D,4 + 0.56p
- 012D;p +0.60D,p + 0.65D3p - 0.30D,p r? =90.6 percent (2)

which is significant at the P = 0.001 level, where p
is the storm precipitation.

Thus to predict VYgo for sites 6, 8, and 9 (base
group), D; to Dy = 0 (Table 2), the equation reduces
to

Vo= 3636+ 0.56 p (€))

To predict Y60 for sites 4 and 5 (D3 = 1; DyDyDy = 0)
the equation reduces to

Weo =-36.36 —109.69 + 0.56p + 0.65p @)

In Figqure 6 measured and predicted values for this
model (Equation 2) are plotted. This formulation
uses the relatively easily determined site param-
eters of storm precipitation and site topography in-
spection to predict pore-water pressures. Further,
such a model is capable of including more qroups
with characteristics differing from those defined in
Table 2. Thus, in general terms, prediction for a
specific site relies solely on deciding in which
group it should be placed. This simple procedure
then is sufficient to define the form of the pre-
diction model and provide the estimated pore-water
pressures for the selected storm precipitation.
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FIGURE 3 Study site location: detail.

TABLE 1 Site Material Properties

Angle of Liquid Plastic

Site Cut Slope Permeability Limit Limit Plasticity
No. Material (degrees) {ems™) (%) (%) Index
1 Weathered andesite 54 177 x 10> 33 = -

2 Strongly weathered andesite 48 1.80 x 1072 40 - -

3 Strongly weathered andesite 60 221x1073 40 — -

4 Strongly weathered andesite 60 1.25x 1074 52 44 8

5 Strongly weathered andesite 41 9.03 x 107° 52 44 8

6 Strongly weathered andesite 35 50x10™% 56 48 8

7 Weathered andesitic breccia 55 2.00x 1077 68 52 16

8 Weathered andesitic breccia 23 2.5x1075 68 52 16

9 Massive flow deposit 28 3.29x 107¢ 47 35 12

Testing of Dummy Variable Model

The dummy variable model (Equation 1) was calibrated
from data obtained in the period October 1978
through October 1979 (Equation 2, Figure 7). With
the additional data obtained in the €following 12-
month period to September 1980, it was possible to
test the model independently. Estimates for the-
1980 storm data made 1in this manner are shown in
Filgure 8, and the associated distribution of errors
(6 = 32,02 cm water) is shown in Figure 9.

CONTROLS ON SOIL SUCTION

Relative Importance of Topography

The dummy variable regression procedure provides a
relatively parsimonious method of estimating basal
soil water conditions for a range of materials. How-
ever, it is especially useful to attempt a dissec-
tion of that model to ascertain the exact control
that topographic slope characteristics exert on soil
water potential. To this end, three permeability
groups were established (10-%: 5 x 10°* to 5 x 107 ?;
10°%: 5 x 10°° to 5 x 10°*; and 10°°: 9 x 10°7 to 5 x
10-39)..

For each permeability group, with ¥ as the de-
pendent variable, multiple regressions were run for
precipitation and each of the three topographic in-
dices ([slope plan curvature (C) positive concave,

downslope 1length (L), and slope angle (A)] as
independent variables. Although prediction relation-
ships for each of the three topographic indices are
significant, C has the highest overall explained
variance in the three permeability groups. The re-
spective prediction equations for each saturated
permeability group are as follows:

K: 1x10"%cm s !

W=-16578 +0.75P +3.08C  r? =87 percent, n =47 5)
K: 1x 10" cm s!

=-136.15+0.72P+ 1.69C 12 =70 percent, n =36 6)
K: 1x 10°¢ cm s~}
W =-3183+045P +0.54C r1? =62 percent, n =51 @

It is clear that the effect of C on ¥ increases in
the more permeable materials. By contrast, for ma-
terial with permeability of 10°% cm s~! there
are relatively smaller changes in Y for given
changes in C.

For a 150-mm storm in material of permeability
1x10°% em s°!, C of +30 degrees (strongly con-
cave) gives ¥ = +39 cm, whereas C of 30 degrees
{(convex) gives V¥ = -146 cm. Corresponding condi-
tions for material of permeability 1 x 10°% ecm
s-! predict ¥ = +52 and +19 cm, respectively.



Anderson and Kneale

FIGURE 5 Site 2.
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FIGURE 4 Soil water potential responses to precipitation.

By the use of beta weights, it is possible to
assess the relative importance of topography in re-
lation, say, to precipitation, as affecting pore
pressures in a range of different materials. Thus
more substantive comparisons than those made by the
multiple regression methods described previously are
possible. Beta weights indicate how much change in
the dependent variable is produced by a standardized
change in one of the independent variables when the
others are controlled. In the standard notation
Bij°k, variable 1 is beinqg predicted from vari-
able j with the effect of variable k controlled. The
direct utility of this procedure is that it is pos-
sible to assess the effect of changes in slope topo-
graphic elements (A and C) on soil water potential
separately from similar changes in precipitation.
Moreover, this analyslis can be undertaken for each
of the permeability groups to ascertain whether
there is any change in the relative effects of A, C,
and P (the independent variables) on Y.

Figure 10 shows the generalized relationships of
beta weights for different controlled variables (A,
C, and P) for each permeability group. The two main
points from this analysis are as follows:

1. For high permeability (10°® cm s-!) slope
plan curvature exerts as great an effect on soil

water potential (¥C°P at 10-° cm s~! = 0.68) as pre-
cipitation does (YP°C at 10°® om ™! = 0.63) and

2. For 1less permeable material (1 x 10°° cm s°!)
the relative effect of slope plan curvature on soill
water potential diminishes, whereas that of slope
angle and precipitation increases.
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FIGURE 6 Relationship of permeability, precipitation, and soil water

potential based on 40 storm events.

TABLE 2 Group Characteristics and Dummy Variable Status for
Equation 1

Permeability Dummy Variable

Group (cm s’l) Topography Site Status

1 1x1073 Hollow 1 D; =1;D,D3D4 =0
2 1x1073 Straight 2,3 D, =2;D,D3D4 =0
3 Ex po~* Straight 4,5 D3 =1;D;DyD4 =0
4 1x1077 Straight 7 D4 =1;D,D,D3 =0
Base 1x10™% Straight 6,8,9 DytoDs=0

Predicting Mean Annual Frequency of
Pore-Water Pressure

Having predicted the values of ¥go at the base
of the nine cut slope sites (Figures 8 and 9), it is
desirable to attempt an estimate of the mean annual
frequency with which given pore-water pressures will
occur in the different materials monitored.

Of course, an overriding restriction here is that
values of ¥gqg cannot practically be obtained on
a daily bagis at all sites for a large number of
years. It therefore becomes necessary to seek a sur-
rogate mean frequency distribution to which such
data can be tied. For the Windward Islands there are
available precipitation records at a large number
of stations, the data from which have been analyzed
in the specific context of mean annual frequency
{days) of the occurrence of specific precipitaticn
totals (e.g., 25, 50, 75, 125 mm). Figure 11 shows
just such a relationship for the Barre de 1l'Isle
site together with that for Marquis, a site of much
lower elevation to the north (Figures 2 and 3). If
it can be assumed that there is an invariant rela-
tionship between daily storm precipitation (Pp) and
Yggr then of course the V¥, precipitation data can be
routed through the relationship in Fiqure 10 to
yield the mean annual frequency (F) of aiven VYgq
values. It has been shown that for total storm
precipitation (P) and VYgg significant linear re-
lationships exist for all sites (l1).

The estimation procedure for relating F, VYgq,
and K is therefore subject to two opposing con-
straints:

1. Only F values for dally and not total storm
precipitation are available, and

2, It may be unrealistic to expect too close an
association between all Ygp and daily (rather
than total) storm precipitation values.

With the currently available data, however, it is
necessary to circumvent the second constraint rather
than modify the precipitation data to obtain an F-P
relationship, even if that proved possible (bearing
in mind the nonuniform time base of storms from
which P 1s derived). A realistic way of determining
the trend of the ¥go-Pp relationship for each
site is to take values of "60 at, or close to,
the maximum and minimum recorded in association with
24-hr antecedent precipitation (Pp). Intermediate
values of Yo may be expected to show greater
fluctuation, depending on significantly larger ante-
cedent conditions. OQualitative examination of the
time series of Ygg-Pp by Anderson (1ll) for all
sites suggests this to be a reasonable strateqy;
that is, highest and lowest Ygg and Pp are in
close association and the expectation is that this
association will hold irrespective of the conditions
in excess of 24 hr before the Ygo reading. If
this is accepted, extreme values of Vg, and Pp
can be used for each site and routed through the re-
lationship of Figure 10 to provide an F-¥gq re-
lationship for each site.

A further point has to be noted here, which is
that because the known F-P, relationship is for
the Barre de 1l'Isle rain gauge (Fiqures 5 and 3),
individual site Pp-values must be converted to the
precipitation at that gauge and these two precipita-
tion values must be assumed to have a common fre-
quency. That is, the general relationship shown in
Figure 10 holds for all nine sites in the Barre de
1'1sle area; the site precipitation P on the or-
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FIGURE 7 Measured and predicted values of 4.
dinate is determined by the individual site calibra- sites, such a method is seen as the only practical

tions to the main Barre de 1'Isle rain gauge.

With these constraints, data were obtained for
sites 2-8 taking extreme values of W¥gg together
with the corresponding Pp-value converted to the

equivalent precipitation at the Barre de 1'Isle
site. This precipitation value was then routed
through the following relationship (Figure 11) to
provide a frequency value (Table 3, column 4):

Log F=1.699 -0.015Pp (8)

All 14 values were then subjected to a linear mul-
tiple regression analysis employing ¥go and K to
predict F. For the Barre de 1'Isle sites, the rela-
tionship was significant at the p = 0.01 level:
F=-3220-022¥4,-8.79 LogK r=0098 ©)
This relationship is graphed in Figure 12, Table 3
(column 6) shows the errors from this relationship
to be tolerably small with ¢ = 6.46 days. Thus, Fig-
ure 12 can be used to predict the mean annual fre-
quency F (days per year) with which a given material
(of permeability K) will experience a pore pressure
¥ (at 60~-cm depth at the slope base).

It is stressed that despite the obvious goodness
of fit of Equation 4, this provides a guide to F-
values only within the constraints of the adopted
methods as outlined. Nevertheless, with the inevi-
table lack of long-term daily VYgg-records at all

means of making an estimation of F for pore-pressure
values.

In addition to the Barre de 1'Isle site, the
F-Pp relationship can also be determined for Mar-
quis (Figures 2 and 3). From available data esti-
mates can be derived of F based on K and VYgg

under conditions of the F-Pp relationships per-
taining at Marquis:
Log F =1.721 - 0.02P, (10)

Thus, Figure 12 shows the estimates of F that result
when the Marguis F-Pp relationship is applied to
the Ygo~Pp data found at Barre de 1'Isle. Thus
because for a given Py, F is less at the Marquis

site than at the Barre de 1'Isle site, Fiqure 12
shows that for given ¥go- and K-values, the mean
frequency of occurrence of that \lfso-value is

significantly less at the Marquis site than at the
Barre de 1'Isle site; it is given as follows:
F =-3475-0.23V4, -8.73 LogK (1)
Thus, if we assume a spatial commonality of pore-
water pressure response at the slope base to daily
precipitation (extreme values only as already out-
lined) in the different materials monitored, it is
possible to derive the mean frequency of occurrence

of a given V¥gp by establishing the spatial var-
iation in F-By relationships (Figure 10) only.
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The procedure described and applied here is sum-
marized diagrammatically in Fiqure 13.

CONTROLS ON FAILURE CHARACTERISTICS

Throughout the duration of the project, a schedule
of slope failures was kept. Because the importance
of the topographic slope elements has been clearly
demonstrated in the context of soill water potential
control, it 1s possible to plot failed and stable
sites by permeability group, noting for each site
the prefailure slope angle, slope plan curvature,
and material strength. Permeability group, slope
angle, and curvature are sufficlent to specify soil
water potential conditions [Equation 2 (11)1 for

given storm precipitations. Fiqure 14 shows the re-
sult of plotting such data by permeability group,
distinguishing between slopes stable throughout the
study period and those subject to failure. Envelopes
are provided discriminating between stable and
failed slopes for given penetrometer values at 50 or
more sites.

These tentative failure-topography relationships
are consistent with the results of the previous dis-
cussion (Equations 5-7). For decreasing permeability
the principal discrimination 1is on slope angle,
whereas for more permeable material slope plan cur-
vature provides significant discrimination (Figure
14) . In addition, for a given slope plan curvature,
decreasing material permeability is shown to neces-
sitate increased strength to ensure stability at a
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TABLE 3 Predicting Mean Annual Frequency of Occurrence of
Pore-Water Pressure: Barre de 1'Isle

Equivalent Site
Precipitation at

Site Yeo Barre de I’lsle  Frequency  Predicted
No. (cm water) Gauge (mm)? (daysfyear)® Frequency® Errors?
2 - 17 100 1.5 13.4 -11.1
=275 3 45.0 52.9 - 19
3 - 45 55 7.4 1.1 + 6.3
-205 3 45.0 36.7 + 83
4 - 2 100 1.5 2.7 - 1.2
- 80 30 18.0 20.0 - 20
5 + 5 45 10.0 2.3 + 77
-166 3 45.0 40.2 + 4.8
6 + 22 100 1.5 8.8 -173
- 177 13 32.0 30.8 + 1.2
T + .52 52 8.0 15.1 - 7.1
+ 13 15 29.0 23.8 + 52
8 + 35 52 8.0 9.3 1.3
- 30 15 29.0 23.8 * .52

aFigures 2 and 3,

bEquation 3, Figure 11,
CEquation 9.

dN'=14; X = 0.06; 6 = 6.46.

given angle. Strength values shown in Fiqure 14 are
in terms of the field-determined Michigan penetrom-
eter values. These values have a direct relationship
to unconfined strength and material consistency
(12) . Michigan values in excess of 10 correspond to
strengths greater than 4.0 kg cm™? (hard consis-
tency); those of 5 to 10 correspond to strengths in
the range 2-4 kg cm™? (stiff consistency).

The failure-monitoring program therefore has pro-
vided direct evidence (Figure 14) of the empirically
determined soil water potential relationships out-
lined in the foregoing and illustrated in Fiqures
8-10. Controls on the precise nature of the failed
zones (e.g., depth/length ratio of the slip) were
much more difficult to ascertain. A mineralogical
examination was made of the material at all the
failed sites. A qualitative assessment of these re-
sults in association with failure form revealed the
absence of any mineralogical control. Prior and Ho
(13) were able to sugaest broad clay mineralogy con-
trols on a range of landslide forms in St. Lucia and
Barbados. However, this study suggests that such an
association may well not be an association that is
robust against the degree of spatial variation in
mineralogy as well as slide form that has been ob-
served. In any event, there is no evidence to em-
ploy mineralogy in the context of slope failure pre-
dictions, it being evident that the major controls
useful in a design context are those of slope topog-
raphy and material permeability, as already outlined.

DISCUSSION

In many underdeveloped tropical areas of the world,
there is a substantial deqgree of activity in road
maintenance as well as new construction. Despite
this, there are relatively few available methods to
aid the engineer in terms of route planning and
maintenance. One such method, that of terrain clas-
sification, has proved successful to a 1limited
degree (3,8). This study sought to examine the pos-
sibility of enhancing preexisting methods by at-
tempting to develop parsimonious models for the pre-
diction of soil water conditions and to identify the
dominant controls on such conditions. Such informa-
tion, even in the absence of strength determina-
tions, which are often an enforced condition in
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underdeveloped tropical areas, offers the prospect
of improved cut slope design. This study based on
the residual volcanic material in St. Lucia (Table
1) has shown

1. That a prediction model can be calibrated for
soil water conditions (Equation 2) and has accept-
able predictive success tested against independent
data (Figure 8);

2. That topographic slope parameters have a
variable influence on soil water status dependent on
material permeability, slope plan curvature being
relatively unimportant for low-permeability material
(Equations 5-7, Figure 10);

3. That there is a requirement to predict not
only absolute soll water conditions but alsc their
recurrence interval [in this regard a methodology is
suggested and, within the assumptions set by the
procedure, it is shown to provide a useful adjunct
to the soil water predlction models (Figures 12 and
13) ; unquestionably, this area is one deserving of
much greater attention, especially in the context of
deeply weathered residual soils]; and

4., That failures logged during the study period
could be isolated and grouped according to the domi-
nant criteria identified by the statistical analysis
of contrcls on soil water status. Such a pattern of
response (Figure 14) therefore adds additional cre-
dence to the likely success of the work reported
here as related to aidina road cut slope design
under conditions of sparse geotechnical information.

What is generally clear is that there are cir-
cumstances, such as those described in this paper,
in which soil suction and pore-water pressure can be
predicted with acceptable accuracy. In a design con-
text the implication is that such eguations (5-7)
can then be used as a more dynamic forecasting input
to the pore-water term in effective stress eguations
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ABSTRACT

Stump Springs Road, a major timber-haul
route in the central Sierra Nevada of Cali-
fornia, suffered extensive landslide damage
in the spring of 1982 and the spring of
1983. An estimated $1.3 million will be
spent on major repair or reconstruction at
sites widely distributed along a 23-km sec-
tion. Geologic and geotechnical studies sup-
porting remedial efforts vyielded insight
into the role of groundwater in these land-
slides. Landslide activity is a direct re-
sponse to the nature of the precipitation
event and the infiltration capacity and per-
meability of the materials present. During
periods of infiltration, water percolates
through coarse-grained, moderately permeable
material until granitic bedrock is encoun-
tered. Groundwater then flows down gradient
with the top of the saturated thickness
roughly parallel to the bedrock surface. The
importance of groundwater 1s seen in the
dominance of flow-type movement. Calculated
pore-pressure ratios typically reached 0.5
at the toe and 0.15 near the head, Observa-
tion wells at one landslide demonstrated
that a failure surface coincided approxi-
mately with the depth to a saturated zone.
Precipitation events influencing groundwater
at the time of landslides included a rain-
on-snow event in 1982 and an unusually deep
snowpack in 1983, The majority of landslides
occurred in response to the rain-on-snow
event. This long-duration precipitation
event included peak intensities of 1.4 to
1.8 cm per hour supplemented by snowpack
losses equivalent to 13 cm of runoff. Even
snowmelt from an unusually heavy snowpack
produced significantly fewer landslides.

Stump Springs Road winds across the steep slopes
high above the granite-lined gorge carved into the
Sierra Nevada by the San Joaquin River. This 7-m-
wide paved road is a major haul road for timber har-
vest on the Sierra National Forest (Figure 1; area
in shaded square detailed in Fiqure 2). An estimated
90 million board-ft of timber will be accessed via
Stump Springs Road or one other available road dur-
ing harvest operations. The alternate road, Kaiser
Pass, currently serves as a major corridor for rec-
reational vehicle traffic. Adding loaded log trucks
to the traffic on Kaiser Pass Road would be undesir-
able. It is also steeper and narrower in some sec-
tions than Stump Springs Road. The vital role of
Stump Springs Road in future timber management makes
its physical integrity of prime importance.

Stump Springs Road sustained serious damage in

Sierra

National

Callfornia
FIGURE 1 Index map showing

the location of the Sierra National
Forest.
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FIGURE 2 Detailed topographic map showing landslide-damage
sites along Stump Springs Road (bold dashed line).

the spring of 1982 and the spring of 1983. Parts of
the road were covered or undermined at points widely
distributed along a 23-km section from its origin
near Sheepthief Creek to near Daulton Creek (Fiqure
2). Most of the damage resulted from 17 landslides.
Other sites were damaged by flood water. Although
some damage necessitated only heavy maintenance, a
total of 24 sites needed major repair or reconstruc-
tion to restore the road to full use. Under a public
works contract construction began in the fall of
1983 and included 21 sites. Estimated construction
cost, excluding temporary emergency repairs and en-
gineering costs, was approximately $1.3 million. The
majority of this cost is being borne by emergency
relief funds from FHWA,

I'H B 1l
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Major design considerations were (a) maximizing
long-term structural stability and (b) minimizing
cost. Proposed work includes installation of 7 re-
inforced-soil type retaining walls, 3 concrete crib
retaining walls, and 10 fill replacements. Maximum
wall heights vary from 2.7 to 6.8 m. Wall lengths
range between 22 and 49 m. For the majority of
sites, installation of drainage structures was con-
sidered essential to long-term structural stability
of the site. Aggregate trench and blanket drains
will be installed at fill replacement sites where
significant amounts of groundwater are anticipated.
Options for draining retaining walls are prefabri-
cated systems consisting of nylon matting heatbonded
to a geotextile or a solid plastic drainage core en-
cased in a geotextile.

A number of geologic and geotechnical investiga-
tions were conducted in 1982 and 1983. Investigation
objectives were to gain information for designing
restoration measures rather than to make a scien-
tific study of 1landslides. However, the data
collected give some insight into the role of ground-
water in these failures. Specifically, the trigger-
ing role of groundwater and approximate groundwater
conditions at the time of failure can be recognized
and groundwater conditions can be related to two un-
usual precipitation events.

LANDSLIDES AND GROUNDWATER
Landslides

A total of 17 landslides damaged parts of Stump
Springs Road in 1982 and 1983. Thirteen landslides
occurred during a rain-on-snow event on April 10-11,
1982, An additional four landslides resulted from
unusual snowpack conditions in March 1983, The rela-
tionship of landsliding, groundwater conditions, and
precipitation events will be examined later in this
paper.

The landslides occurred both above and 1in the
road prism. Landslides above the road more fre-
quently involved unmodified, natural slopes than cut
slopes. Except for three instances, landslides un-
dermining the road occurred in natural slope mate-
rial with limited fill material present. At two lo-
cations, the road crosses large paleolandslides. A
failure occurred at each of these locations in 1982
and 1983. All landslides were shallow with failure
surfaces within a few meters of the ground surface.
Scarps averaged 35 m long; the longest was 50 m and
the shortest was 15 m.

Physical Setting

Granitic bedrock underlies the entire road section
affected by landslide activity (1,2). Landslides oc-
curred in nearly equal numbers in each of three spe-
cific granitic units: the granite of Ordinance
Creek, an unnamed quartz monzonite and granodiorite,
and the Mount Givens granodiorite.

The slopes traversed by the damaged portion of
the road are steep. The sideslope inclination varies
from 40 to 80 percent; the average is about 70 per-
cent. The natural slopes are made up of residual
soil, colluvium, and glacial till overlying frac-
tured granitic bedrock. These soils range in thick-
ness from 0.3 to about 1.3 m with an average thick-
ness of 0.8 m. The road fills are all composed of
local soil material and granitic rock. Blocks of
rock ranging up to 1.5 m in largest dimension were
observed in the material exposed in some of the
failures. At other sites the material contained 1lit-
tle or no rock larger than 0.3 m in maximum dimen-
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sion. The properties of the soil found on the nat-
ural slopes and in the road fills are fairly uniform
along the affected segment of the road. The range
and median values of the properties are shown in
Table 1.

TABLE 1 Description of Natural Soils and Road Fill for
Landslide Sites Along Stump Springs Road

Property Range Median
Liquid limit Nonplastic to 35 Nonplastic
Plastic limit Nonplastic to 20 Nonplastic
Plasticity index Nonplastic to 15 Nonplastic
Permeability (cm/sec) 10-1 to 10-4 10-2
Unit weight (kN/m3) 16.3t0 19.3 17.8
Particle size characteristics

Gravel fraction (%) 10 to 35 25

Sand fraction (%) 45 to 80 60

Silt fraction (%) 5to 20 10

Clay fraction (%) Oto 15 5

Uniformity coefficient 5to 25 9
Unified soil classification SW,SP,SM,SC SM
Cohesion (estimated) (kN/m2) 0to 2.5 1.2
Drained peak angle of internal friction

(estimated) (degrees) 34 to 39 36

Triggering by Groundwater

The influence of groundwater on these landslides is
evident from their mode of movement. Levee-like
deposits adjacent to the path of many landslides
along with muddy swash marks high on adjacent trees
indicate a fluid deformation (3). Movement was com-
monly rapid to extremely rapid. In 1982 a debris
avalanche originating from a broad dralnage divide
achieved a velocity of 7.5 m/sec (4). A debris flow
on March 4, 1983, moved rapidly enough to make noise
and attract the attention of residents on a nearby
slope. Debris was observed being hurled over a down-
slope escarpment. A steel culvert 76 cm in diameter
and 18 m long was torn loose and rafted 91 m down
slope.

According to accepted classification criteria
(5), 12 of the 13 landslides occurring in 1982 are
debris flows or avalanches. The remaining landslide
is a debris slide. Three of the four landslides oc~
curring in 1983 were debris flows. Again, a single
debris slide occurred in 1983, Both debris slides
incorporated a significant component of flow move-
ment in their deformation.

Reconnaissance conducted within days of the fail-
ures usually found (a) a sharp boundary between the
undisturbed material and the landslide mass, (b) a
landslide mass consisting of churned material, (c)
no evidence of surface water entering the slide
area, and (d) significant, sometimes copious,
amounts of groundwater seeping from within the land-
slide scar. This seepage often persisted for weeks
and was commonly concentrated in the upper part of
the slide path. Seepage was often not visible on ad-
jacent undisturbed slopes.

The conclusion that groundwater triggered these
landslides is supported by field evidence. Satura-
tion by water was involved in every failure. Al-
though surface water contribution to slide areas was
found in four instances, groundwater seepage was
evident at all landslides. Subsurface drainage on
this forested granitic terrain is expected to be the
main mechanism for slope drainage (6,7). Slide loca-
tions were about equally common on planar, convex,
and concave slope elements. Concave slope form would
likely be predominant where surface water was the
cause of saturated conditions.
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Groundwater Conditions at Failure

Groundwater conditions along Stump Springs Road dur-—
ing periods of landslide damage were governed by the
nature of the precipitation event and the infiltra-
tion capacity and permeability of the natural soil
and road-fill material. As shown in Table 1, the
soils are coarse-grained and thus moderately perme-
able. These coarse materials overlie a much less
permeable, fractured bedrock.

During periods of infiltration, water percolates
downward through surficial soils and road £fill until
bedrock or some other less permeable layer is en-
countered., The groundwater then flows down gradient
roughly parallel to the bedrock surface (8). Figure
3 shows a scaled cross section of a 1982 debris flow
at Sheepthief Creek. It is reconstructed as a repre-

:I Debris Flow Deposit
m Colluvium

Bedrock

FIGURE 3 Cross section of subsurface
conditions at a representative debris
flow.

sentative landslide based on surveyed topography and
seismic data. Granitic bedrock is overlain by collu-
vial soil and limited road £fill material. The bed-
rock surface roughly parallels the ground surface.
Seismic velocities for the surficial soils are about
300 m/sec. By contrast, the underlying bedrock has a
velocity of 1700 m/sec. A density increase of
nearly 5.5 times that of the overlying material
suggests a substantial decrease in hydraulic con-
ductivity.

During associated precipitation events, hydro-
static pore pressures and seepage forces increased
because of the greater saturated thickness of over-
lying soils and groundwater flow. This reduced shear
strength of the soils to the point that failure oc-
curred (9,10). The magnitude of the total ground-
water forces during the storm was estimated by back
analysis of the roadway failures. A slope stability
model using noncircular failure surfaces was uti-
lized in this back analysis. The stability model
assumes parallel side forces on each slice and thus
satisfies all equilibrium conditions.

The strength parameters used in the stability
evaluation are those median values given in Table
1. These values were estimated from the results of
the material classification tests. In the back
analysis, the groundwater conditions were character-
ized by the pore-pressure ratio (r,), which is de-
fined as follows (11):

re =wh/z 1)
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where
w = unit weight of water = unit weight of soil,
h plezometric head, and

7 vertical thicknese of clida,

At the toe of the failure r,; was found to have
reached a maximum of about 0.5, whereas near the
head of the slide r,; was about 0.15. This suggests
that the failures were initiated at the original
toes of the slides and then retrogressed headward.

Additional evidence relating groundwater satura-
tion to failure was developed at the 1983 debris
slide. This failure is a reactivation of palecland-
slide material. Observation wells consisting of 3.8-
cm plastic pipe were installed in mid-May 1983 after
movement had apparently ceased. Three observation
wells installed in the slide mass encountered water
at depths from 122 to 152 cm below ground. Water
saturated a thickness between 30 and 60 cm below
this depth. Initially, water stood in these obser-
vation wells at levels ranging from 43 to 84 cm be-
low ground rather than the 122- to 152-cm depths at
which water was first encountered during installa-
tion. These levels fell back to or near the original
depth at which water was found by the end of 3
months. No significant precipitation occurred during
this period. The rate of water decline among wells
averaged 5.0 cm per week. The initial high level is
taken as indication of hiah pore-water pressure ag-
sociated with the saturated zone.

The observation wells provided information on the
depth to a failure surface in this 1landslide. A
fourth observation well was located adjacent to the
main scarp. Water was first encountered at a depth
of 152 cm in this well. This depth was approximately
the same level as the seepage line in the exposed
headscarp surface. Continuing deformation affected
an observation well just above the toe. A metal
mandrel on a line of known length could not be with-
drawn from the well due to shearing at the bottom
(12) . This occurred 2 weeks after installation. The
top of the sheared zone was determined by dropping
other mandrels with different lengths down the well
and measuring the depth reached. This observation
and the depth from the weighted line showed that
shearing extended from 140 to 215 cm below the sur-
face. These are nearly the same depths at which the
saturated zone was encountered in this observation
well. Thus a failure surface and the zone of ground-
water saturation appear to coincide at both the
headscarp and toe of this landslide.

The importance of groundwater is reflected in the
predominance of flows in landslides along Stump
Springs Road. Observations of site conditions sup-
port the critical role of saturated thickness of
s0il over bedrock in dictating slope otability.

GROUNDWATER AND PRECIPITATION EVENTS

Rain-on-Snow Event

The role of rapid melting of shallow snowpacks dur-
ing rainfall in initiating landslides 1s being ex-
plored in recent research (13,14). This work in-
volves areas in the western Cascade Range of Oregon
that host warm snowpacks similar to those in the
Sierra Nevada. Unlike cold snowpacks of the Rocky
Mountains, warm snowpacks are subject to rapid melt-
ing during rainfall (13).

A rain-on-snow event 1in 1982 created the first
episode of damaging landslide activity along Stump
Springs Road. On April 10-11, 1982, a major frontal
storm passed over the central Sierra Nevada. Al-
though meteorologic data are not available for Stump
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Springs Road, nearby stations closely approximate
conditions during this storm [Fiqure 4 (points 1, 2,
and 3 show location of Peckinpah, Tamarack, and
Huntington Lake precipitation stations; these sta-
tions are referenced in Figures 5, 6, and 7)]. Peck-
inpah Meadow and Tamarack Ridge stations provide
representative records of rainfall during this 48-hr
period [Figure 5 (note the multiple peak intensi-
ties reached during the storm)]. Total precipitation
ranged from 15.5 to 22.4 cm. Maximum intensities
varied between 1.4 and 1.8 cm/hr. Temperatures re-
mained above 0°C during most of the storm.
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FIGURE 4 Index map showing the location of
precipitation stations in relation to Stump
Springs Road, elevation of each station, and
total precipitation received at each station
during the 48 hr of the April 10-11, 1982,
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FIGURE 5 Continuous rainfall during April 10-11, 1982,
storm recorded at Peckinpah and Tamarack precipitation
stations.
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Recorded snowpack losses during the storm ranged
from 0.4 to 0.5 m. Based on water content at that
time, snowmelt was equivalent to an additional 13 cm
of runoff during the storm. From these figures, it
is easy to visualize the development of pore-water
pressures and seepage forces that were great enough
to cause 13 landslides even in the moderately perme-
able, cohesionless soils along Stump Springs Road.

Unusual Snowpack Conditions

Snowpack accumulation in the Sierra Nevada during
the winter of 1982-1983 was unusually deep and per-
sisted late into the spring. Snow data from Hunting-
ton Lake are presented for 1982 and 1983 in Figure
6. (Long-term averages for snow depth are not avail-
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FIGURE 6 Snow depth recorded at Huntington Lake
precipitation station.

able for this station.) The unusual nature of the
1983 snowpack is not fully seen when compared with
the greater-than-normal snowpack of 1982, The cu-
mulative precipitation for both years compared with
the long-term normal gives a clearer picture (Figure
7). Most precipitation at Huntington Lake is re-
ceived as snow during the year. The long-term aver-
age is based on records from 1942 and 1981, The
persistence of the snowpack is reflected by the
amount of snow recorded in May and June. A rare July
snow survey was initiated at some higher-elevation
sSnow courses.

Groundwater recharge is accomplished annually by
snowmelt water. In 1983 recharge was unusually
great. This led to groundwater conditions that ini-
tiated four additional landslides along Stump
Springs Road.

Comparison Between Precipitation Events

Three times as many landslides occurred in 1982 as
in 1983. This suggests that groundwater conditions
initiating failure are more readily achieved by
snowmelt during rainfall than by snowmelt from
greater-than-normal accumulation. The duration and
intensity of contributing precipitation events can
be a factor in triggering debris flows. Campbell
(15) demonstrated a threshold requirement of 254 cm
for total seasonal antecedent rainfall in the Santa
Monica Mountains of southern California. Studies
near La Honda, California, indicate that an addi-
tional threshold of rainfall intensity is needed
(16) . Insufficient data are available for a valid
comparison of intensity or duration for the 1982 and
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1983 precipitation events. It is likely that antece-
dent moisture requirements were met immediately be-
fore peak intensities of the 1982 snowmelt-during-
rainfall event. This is based on the extended period
of precipitation before several peak intensities
shown in Figure 5.

DISCUSSION

Landslide activity along Stump Springs Road is a
direct response to the infiltration capacity and
permeability of the natural soll and road-fill
material and the nature of the precipitation event.
Fallure occurred under conditions of high water con-
tent as reflected in the proportion of landslides
classified as flows or avalanches. The absence of
surface water contribution and dominance of subsur-
face drainage in granitic terrain indicates ground-
water as the triggering mechanism. A mantle of col-
luvial soil or road £ill over less permeable bedrock
is a condition associated with debris flow activity
in other parts ot the western United States (8,15,
17).

Because the bedrock surface roughly parallels the
steep ground surface, the tendency for failure is
enhanced. It appears that both antecedent moisture
values and certain intensities must be met to cause
failure. Snowmelt-during-rainfall events appear
more likely to meet these conditions than snowmelt
from normal or even greater-than-normal snowpacks.

Landslide phenomena 1in the Sierra Nevada are
largely unstudied. The observations discussed in
this paper show that circumstances promoting land-
slides are similar to those in some well-studied
localities. The role of snowmelt-during-rainfall
events in generating 1landslides requires further
study. The general relationships developed in. the
Cascade Range appear applicable to the Sierra Ne-
vada. It is unclear how to relate antecedent mois-
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ture and rainfall-intensity threshold values to this
type of precipitation event. In addition, the rela-
tionship of landslide occurrence to frequency of
triggering storm must accommodate rain-on-snow
events. This information would greatly improve the
ability to reduce landslide hazard to roads in the
Sierra Nevada and the Cascade Mountains.
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Effect of Vegetation on Slope Stability

TIEN H. WU

ABSTRACT

Two ways are considered in which vegetation
can affect slope stability: changes in the
soil moisture regime and contribution to
soil strength by the roots. Simple analyti-
cal models that may be used to calculate
water infiltration into soil and soil rein-
forcement by roots are reviewed and their
applications to stability problems are il-
lustrated by examples. The need for reli-
able field data to support the analytical
models is emphasized.

Different types of vegetation affect slope stability
in different ways. These include the ability of
grasses to stabilize steep slopes on sand (1), the
buttressing by stems of trees (2,pp.253-306), and
the reinforcement of the soil by roots of the vege-
tation (3,4). In addition, vegetation plays an im-
portant role in the soil moisture regime. To 1limit
the scope of this paper, only stability problems
analyzed by conventional methods of 1limit equilib-
rium will be considered. In such an analysis the
shear strength(s) along a potential slip surface
(Figure 1) 1is considered to be fully developed at
the point of failure. In an effective stress analy-
sis, the shear strength of the soil is

s =c¢' + (0 - u)tan ¢' (1)
where
c' = cohesion,
¢' = angle of internal friction,
o = normal stress, and
u = pore pressure.

The shear strength of the soil is determined by
means of appropriate laboratory tests, and u must be
estimated or measured in situ.

When vegetation is present, the roots may inter-
sect the potential slip surface. The contribution of
roots to the shear strenqth should be evaluated. In
addition, in the effective stress analysis, it is

FIGURE 1 Slip surface for limit equilibrium analysis.

necessary to estimate the pore pressure. Then the
effect of vegetation on the soil moisture regime
should be considered. Thus, when the stability of a
slope with vegetation is compared with that of a
bare slope, the effect of vegetation on slope sta-
bility is composed of two elements: differences in
pore pressure due to changes in the soil moisture
regime and soil reinforcement, which is the contri-
bution to the soil strength by the roots. There is
much empirical evidence in support of these con-
cepts. Observations have been made to compare the
stability of forested hillside slopes with that of
slopes after the trees had been removed by clear-
cutting. The frequency of slope failures was found
to be much greater on slopes after clear-cutting
(5-8) . Creep movements on clear-cut slopes have been
found to be larger than those on forested slopes
(9). To make quantitative predictions of slope
stability and account for the effect of vegetation
is extremely difficult. In this paper the basic
nechanisms that control pore pressure and soil
teinforcement are summarized, available data are
axamined, and possible applications are indicated.
Inadequacies in current knowledge and needs for
research are also presented.

SOIL MOISTURE REGIME

Vegetation may influence the soil moisture regime in
many ways. The forest canopy intercepts a portion of
the rainfall, which is evaporated back into the at-
mosphere. Certain types of vegetation may increase
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snow accumulation on the slopes and retard melting.
Evapotranspiration from plants removes water from
the soil. In addition, vegetation may influence the
soil moisture regime indirectly. Roots of plants and
organic material contributed by decay of vplant
material may alter the hydraulic properties of the
soll. It is not possible to account for all these
influences because some of the phenomena are still
not well understood. Nevertheless, it is possible to
analyze the infiltration of surface water, because
the theory of flow through porous media is well
known. Some of the factors may then be studied in-
directly through their effect on infiltration.

Infiltration

The governing equation for flow through porous media
is (10,pp.215-296)

k92h = C(3h/st) (2a)
where

h = piezometric head,

k = coefficient of permeability, and

C = slope of the moisture-suction curve.

At the ground surface, the infiltration (g) should
be added to the left-hand side to give

kV2H + g = C(3h/3t) (2b)
The infiltration is
ga=p-r-1i (3)
where

p = precipitation,

r runoff, and
i interception.

In addition, water is removed from the soil by evap-
otranspiration (e) and drainage (f). Although the
theory of flow has been known for a long time and
numerical solution schemes are available, the pre-
dictions based on this equation involve a great deal
of uncertainty because of the difficulties asso-
ciated with the choice of the parameters. The uncer-
tainties about k and C due to variations in soll
properties and errors in testing are at least famil-
lar. However, even greater difficulties are encoun-
tered in the estimate of g. The amount of infiltra-
tion depends on the conditions at the ground
surface, which include the initial moisture content,
ground slope and roughness, and vegetation, Empiri-
cal data are usually used to estimate infiltration,
but their accuracy is questionable when applied to
specific sites. Water evaporation from leaves has
been extensively studied. However, it is difficult
to use these results to compute evapotranspiration
for plant communities because of the complex nature
of evaporation. Kramer (1l1) gives an excellent
review of this topic. Evapotranspiration may be
based on the results of lysimeter studies. Consider-
able data are available on evapotranspiration by
crops and grasses [e.d., U.S. Department of Agricul-
ture Technical Bulletin 1367 (12)], but data on
forest trees are less plentiful. Theories are avail-
able for estimating the potential evapotranspira-
tion. The most successful of these is the Penman
equation (13,14). These all give average values over
a period of time. Where the piezometric level fluc-
tuates rapidly, estimates based on average values
may lead to substantial errors.
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Experimental Evidence

There are considerable data to show that vegetation

has a strong influence on the soil moisture regime.
Reanlte of detailad model tects by Brenner (15}

..................... =27

indicate that the socil moisture tension 1in slopes
with trees 1s much higher than that without trees.
Gray (9) measured soil moisture suction in forested
slopes and in clear-cut slopes in Oreqon. The mea-
sured suctions were higher in forested siopes. A
detailed example is given to illustrate the prob-
lems. Figure 2 shows a slope in the Maybeso Valley
of Rlaska. Piezometric levels were measured 4 years
after clear-cutting. Nine vyears later, pore pres-
sures were measured at the same location, which was
covered with regrowth, and in an adjacent slope,
which had not been cut. The measured pore pressures
are shown in Figures 3 and 4. It can be seen that
pore pressures in 1965 were about equal to or higher
than those in 1974, although the rainfall in 1965
was considerably less than that in 1974, This can be
interpreted to mean that evapotranspiration is
higher on the slope with regrowth and forest cover
than on the cut-over slope. Nevertheless, it is pre-
mature to make a general statement on the basis of
the 1limited number of observations because the
effect of trees may well depend on climatic factors,
particularly the relative amounts of evapotranspira-
tion and precipitation (16,pp.231-260). Because of
the difficulties encountered in predicting the pi-
ezometric level or soil moisture suction by analyti-
cal methods, empirical data obtained from well-de-
signed field measurements will remain the most
important source of information for some time to
come.

Numerical Solutions

Although skepticism about the ability to predict the
soll-moisture reaime should be maintained, it is
also known that analytical models are useful in the
study of effects of various parameters on infiltra-
tion and soil moisture. Many such studies have been
done. As an illustration, a simple model is used to
evaluate the effect of evapotranspiration and mois-
ture-suction relation on the piezometric 1level in
the slope shown in Fiqure 2. The gimplified one-di-
mensional model is shown in Figure 5a. H 1is the
thickness of the pervious soil. Equation 2 reduces to

k(32h/3z2%) = C(3h/3t) (4)

Precipitation (g) enters at the top and 4 is the
discharge, which is the sum of evapotranspiration
(e) and drainage down the slope (f). The values of e
and f were estimated to be 1.0 and 0.8 cm/day,
respectively (17). The range in the parameters is
also shown in Figure 5a and the values that are con-
sidered to be the best estimates are given in paren-
theses, Curve A in Figure 6 shows the piezometric
levels calculated with the 1965 precipitation record
and the best estimates of the parameters. To study
the sensitivity of the model to the parameters, C,
k, and e were changed. The results are shown as
curves B, C, and D in Figure 6. Only the changed
parameters are shown in Figure 6. It can be seen
that the model is very sensitive to all the param-
eters. The effect of reduced evapotranspiration on
the maximum piezometric level is obvious when curves
B and A are compared. In a fifth trial, a surface
layer with C = 2 m"! is added to simulate the or-
ganic layer near the ground surface (Figure 5b).
Comparison of curves E and A shows the effect of
destruction of the organic layer, as may occur dur-
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FIGURE 3 Measured and computed pore pressures, 1965, Mayheso
Valley.

ing a fire or clear-cutting. These examples serve to
illustrate some of the effects of vegetation on
infiltration.

Although it is realized that the model 1is too
simplified and cannot be used to make predictions,
numerical methods can be a powerful tool in the
analysis of observed data. The simple model may be
used to estimate the drainage rate (d) and other
parameters from the observed data in Figures 3 and
4, Calculations were made with different values of 4
and C to obtain the best fit to the data. The dashed
curves in Figures 3 and 4 are considered to fit the
three highest piezometric levels in each plot. The
values of d and C that give the best fit may be
taken as empirically determined characteristics of
the site. It can be seen that d and C for the for-
ested slope are different from those for the clear-
cut slope. These values of d and C may be considered
to be calibrated for the site and may be used to es-
timate changes In the piezometric level at this or
similar sites. It should also be noted that there is

1974

FIGURE 4 Measured and computed pore pressures, 1974, Mayheso
Valley.
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FIGURE 6 Computed pore pressures, Maybeso Valley.

a large scatter in the observed piezometric levels.
Any model used for prediction should account for
this scatter as well as the model error.

Other models and methods for evaluation of aqui-
fer characterigtics [rom observed data have been
proposed (18:19,pp.657-679;20). The site conditions
may be expected to have a strong influence on the
accuracy of a particular method, Research in this
direction should yield significant benefits.

ROOT REINFORCEMENT

The strength of a soil containing roots can be con-
sidered as a special problem of reinforced earth.
The simplest model, in which the reinforcement is
equal in all directions (isotropic reinforcement),
considers the reinforcement to increase the minor
principal stress by

or = Apt,./A ¢5)

where

A, = area of reinforcement,
t, tensile stress in reinforcement, and
A area of soil,

The result is that the reinforcement is equivalent
to a cohesion (c,) (21).

The root system of marram grass [Figure 7a
(22,23)] may be approximately isotropic. However,
the root systems of vegetation are usually not iso-
troplc and are complex. Several examples are shown
in Figure 7. Figure 7b shows the plate-shaped root
system of two trees (24,25), in which most of the
roots lie within a shallow soil layer, which is
usually the B-horizon. From these lateral roots,
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small vertical sinker roots may penetrate deeper
into the C-horizon. A tree with a heart-shaped root
system (26) is shown in Figure 7c. There is a tap
root that penetrates deeply into the soil and the
lateral roots also grow well below the surface.
Although the different shapes are generally asso-
ciated with different species of trees, it is also
known that the root system of the same species may
acquire different shapes because of differences in
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Soil-Root Interaction Models

Because of the variety of root morphology, a com-
plete solution of the root reinforcement problem is
likely to be complex. However, it 1is possible to
outline the general concepts of root reinforcement
as shown in Figures 8 and 9. In Figure 8a, the
potential slip surface (ab) intersects the roots of
the tree at c. For fallure to occur along ab, the
roots must also fall in tension, shear, or bond or
some combination of all three. The position of a
root ¢ after shear displacement A has occurred
along the slip surface is shown in Figure 8b. The
forces on the root are T, T4, and M. If a
three-dimensional failure surface 1is considered
(Figure 9), the roots that intersect the end sur-
faces would be displaced in a similar manner. To
evaluate the contribution of the roots to stability,
Thr Tg, and M must be determined. If the root is
small and flexible, M = 0 and simplified solutions
may be found (27). One simplification is that at
large shear displacements associated with failure,
8 = 90 degrees. Then the root's contribution to
shearing resistance along ab (Figure 8b) is simply
T,, which may be taken to be the tensile resis-
tance of the root. Here tensile resistance is used
to denote the maximum value of T that can be
resisted by the root. Failure usually occurs as a
combination of tension and bond failures. A similar
simplification may be made for the shearing resis-
tance on the end surfaces shown in Figure 9. How-
ever, because the roots have different initial
orlentations, they will not be loaded equally at the
same shear displacement and will not fail simul-
taneously. Hence, their total contribution will be
less than the sum of the tensile strengths of the
individual roots. Solutions for some special prob-
lems have been formulated and these are described in
the following.

Example 1

One comparatively simple problem is shown in Fiqure
10, A ohallow laycr of a comparatively weak soil
lies over a stronger soil. The potential failure
surface is the boundary between the weak and the
strong soils. The sinker roots that enter the strong
soil are assumed to grow in the vertical direction.
In addition, it 1s assumed that there is little dis-
placement of the root 1n the strong soil in the s
direction. Then T, and Tg can be calculated for
a given shear distortion 6. Waldron (3) and Gray
and Ohashi (28) considered the elastic elongation of
the root in the shear zone, whereas Wu et al. (4)
used the tensile resistance of the root and 6 at
fallure. Both analyses lead to the expression

cp =B I T /A (6)
i

where
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FIGURE 7 Root shapes: (a) marram grass (22, 23), (b) plate-shaped root of Larix laricina (top) and
Picea mariana (bottom) (25), (c) heart-shaped root of Douglas fir (26).

(a)

(b)

FIGURE 8 Soil reinforcement by roots: (a) intersection
of roots with slip surface and (b) forces on root and root
displacement.

FIGURE 9 Intersection of roots with ends
of cylindrical slip surface.

(a)

FIGURE 10 Example 1: (a) sinker
roots penetrating a stiff stratum and
(b) simplified representation of root
displacement.
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¢, = equivalent cohesion due to root reinforce-
ment,

B = factor that accounts for the direction of
the roots and is about 1.2 for ¢ = 30
degrees,

Trj = resistance of the ith root, and

A = area of the shear surface.

Laboratory tests by Gray and Ohashi (28) and Waldron
(3) generally support this model.

Applications of this model to a slope have been
described by Wu et al. (4). The stability of several
forested and clear-cut slopes in the Maybeso Valley
of Alaska was analyzed. For the clear=-cut slopes,
the shearing resistance consists of the shear
strength of the soil only. For the forested slopes
the shearing resistance is

S =s+c,=c'+ o' tan ¢’ + ¢, (7)

in which ¢, is as given by Equation 6. Because the
tensile strength of roots varies with the root diam-
eter, the guantity IT,j must be calculated
separately for the different size groups as shown in
Table 1. The safety factor 1s about 1.3 for a slope
covered with a mature forest of Sitka spruce and
western hemlock and about 0.9 after the trees have
been removed. This difference includes the effect of
the change in the piezometric level due to tree
removal. The computed safety factors are in general
agreement with observed performance. Many failures
occurred on the slopes a few years after clear-cut-
ting, whereas failures were few on the forested
slopes. A similar study has been made by Riestenberg
and Sovonick-Dunford (29). For slopes on soils with
low cohesion, the contribution by c, can have a
significant in- fluence on the stability.

There are several potential applications of this
solution. For cuts in cohesive soils, the initial
stability 1is governed by the undrained shear
ctrength. Long-term stability under the drained con-
dition is controlled by the effective stress param-
eters ¢' and ¢'. If ¢' = 0, as is the case for
many clays (30), and the slope angle is greater than
¢', shallow slips would occur during the wet sea-
son when the soil near the surface is saturated. If
vegetation is present on the slopes, the roots con-
tribute a cohesion ¢, and may reduce the number of
slips. In mine reclamation, broken shale from spoils
may be used to build slopes of 30 degrees or more
because of the angular shape of the fragments. How-
ever, weathering may reduce some types of shale to
clay in a few years. The ¢' of the clay is usually
well below 30 degrees and c¢' is usually close to 0.
Then the slopes become unstable. If the slopes are
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Example 2

Three-dimensional failure surfaces are common in
reality. Most natural slopes are not uniform. There
are spatial variations im the sgcil and reoot
strengths and in slope geometry. Dralnage depres-
sions that run in the downslope direction usually
concentrate groundwater flow, and the pilezometric
surface is closer to the ground surface in these
depressions than it is in the surrounding area (31).
The slope at the head of a depression is also
steeper than the average slope. Hence, fallure
usually involves a bowl-shaped surface, as shown in
Figure 11. Such failures have been described by
Swanston (7) and Riestenberg and Sovonick-Dunford
(29), among others.

A simplified three-dimensional failure surface is
shown in Figure 9. The end surfaces are assumed to
be planes. The effect of the lateral roots that in-
tersect the end surfaces is considered. Excavations
made by Swanston have shown that most of the lateral
roots are concentrated in the organic layer and the
B~-horizon as shown in Figure 12 (D.N. Swanston,
personal communication). Ziemer (32,pp.343-361) has
devised an in situ shear test that measures the
shear strength of the soil-root system on the verti-
cal faces abcd and a'b'c'd' of a soil block that
contains 1lateral roots running generally in the
horizontal direction (Figure 13). The measured
strengths {sy) o©f the scil-roct gystem are corre-
lated with the weight o©f the biomass as shown in
Figure 14 (32). To compute the resistance of the end
surfaces, the lateral roots are assumed to be con-
centrated in a layer with thickness H, as shown in
Figure 15. In this zone the shear strength of the
soil-root system is s,. If Equation 6 is assumed
to apply,

s, =8 +c, (8)

The shear strength of the soil (s) acts over the
remaining portion of the end surface and on the
cylindrical surface ab.

The simplified solution for the resisting moment
about 0 is obtained as follows. Consider the slip
surface shown in Figure 15c. The resisting moment of
s on the cylindrical surface ac is

Mgy = sL2@gR? (9)

The resisting moment of s on the end surfaces is
dMR2 =sdAr

s RA8[R - R(cosbg/cosh) 1{R - (1/2)[R
- R(cos8p/cose) 1}

reforested, one may expect the roots of trees to = (1/2)sR*[1 - (cos®gg/cos?e)1de (10)
contribute to the stability of such slopes. and
TABLE 1 Measured Root Density in Slope of Maybeso Valley (35)
Tree and Root Density? (m"2) According to Diameter (mm)
Diameter Depth of Area of ZTri/A
Location (m) Pit (m) Pit (mz) 0.8 1.6 24 3.2 40 4.8 56 64 79 95 11.0 12.7 (kPa)
| Hemlock,
0.15 0.45 6.8 14.5 15.7 79 8.7 1.4 1.0 07 03 03 08 0.1 0.7 5.6
2 Sitka spruce,
0.36 0.48 2.9 38.6 40.8 18.6 8.5 1.7 1.0 03 09 03 0O 0 0 4.3
3 Two hem-
locks,
0.75 and
0.30 0.30 0.6 437 57.0 0 46.5 0 21.4 Q0 66 0 (4] 0 0 12.6
4 Yellow
cedar,
0.45 0.48 0.3 6.1 15.4 0 6.1 3.1 6.1 0 61 0O 0 0 0 5.4

dNumber of roots intersecting the boundary between B- and C-horizons (35),
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FIGURE 13 Schematic diagram of
Ziemer’s in situ shear test.

0
2sR? f [1 - (cos?8(/cos?6)]da

=
o
()

]

= 2sR® cosBg sindg (11)

The resisting moment of (sy - s) in zone abcd is

dMp3 = (s; - s)dA cos8(R cosfp/coss)

(sp - s)[(R cosby/cos)de coseD)

x cos8(R cos8y/coss)

(s, - s)DR? cos?0,de (12)

0
Mp3 = 4(s, - s)DR? cos?8 f de

= 4(s. - s)DR?8, cos?p (13)
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FIGURE 14 Relation
between shear strength
and biomass (32).

b (c)

FIGURE 15 Three-dimensional slip surface: (a) side view,
(b) perspective view, and (c) computation of resisting
moment.

The resisting moment of (s, - s)
cal surfaces ab and cd is

on the cylindri-

Mpg = 2(s, - s)L(D/sin6g)R (14)
The total resisting moment is
Mg 1+ Mgy + Mgy + Mpy
2sLR?fy + sR?(20) - cosdj singg)
+ 4(s_ -~ s)DR’eo coszeo
+ 2(s - s)LDR/sineo (15)

As an illustration the stability of the slope
shown in Fiqure 16 is calculated. It is assumed that
the stiff bottom restricts the slip surface as
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shown. The roots are assumed to be concentrated in
the top 1 m. The values of s and s, are taken from
Ziemer's data (Figure 14). The computed driving and
resisting moments are as given in Fiqure 16. It can
be seen that the lateral roots contribute, 1in this
case, about 40 percent of the resisting moment.
Without the contribution of the roots to shear
strength, the slope would not be stable.

M =4ImN-m

Mg, =12mN-m
Mg2=14mN-m
Mg3=8mN-m

Mgpg=1OmN-m

Mr=44mN-m

s=4kN/m? s,=20kN/m8, y=I6kN/m3

FIGURE 16 Example 2: stahility and analysis for three-dimensional

Root Geometry

The preceding examples illustrate the methods that
may be used to analyze the contribution, of root
reinforcement to stability. However, accurate pre-
dictions about stability are difficult to accom-
plish. The major difficulty in evaluating root
reinforcement 1lies in the scanty knowledge about
root geometry--the number and diameter of roots that
are present at different locations in the ground.
Considerable information on root geometry has been
obtained for some types of forest trees. Examples
include root spread and root diameter of Douglas fir
(33) and apple (34). Such data allow one to estimate
the number and size of lateral roots as a function
of distance from the stem.

Another aspect of the problem is to find the num-
ber of vertical sinker roots that penetrate the
C-horizon. It has been observed that for Sitka
spruce and western hemlock, there is a concentration
of large and small roots in the central portion of
the root system (Figure 17). This is the root mat
that is pulled out of the ground when a tree is
overturned. The size of the root mat may bhe corre-
lated with the diameter of the tree (Figure 18), and
the number of sinker roots within this zone is shown
in Table 1 (35). The limited data suggest that the
root contribution to strength is approximately 5 kPa
within the area of the root mat of each tree. How-
ever, it is clear that such data are valid only for
the speclies and site conditions investigated. A
similar study was made by Riestenberg and Sovonick-
Dunford (29) of the roots in a maple forest.

Table 2, cases 1 and 2, gives the total cross-
section areas of the roots and the values of ¢y as
computed by Equation 6 for the two sites in Alaska
and Ohio. Results of shear tests on soils reinforced
with grass roots (36) are also given in Table 2
(case 3). In case 4, the total area of roots of
beach grass was estimated (22,23) and c, was
computed by Equation 6, assuming that

ITpq = oplh,y (16)
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FIGURE 17 Root mat of Sitka spruce (photograph by D. N.

Swanston).
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FIGURE 18 Diameter of root mats (35).

where oap 1is the average tensile strength and
A.; is the area of the ith root. It is surprising
that ¢, falls within a narrow range of 3 to 10 kPa.

As an approximation, Equation 6 may also be used
to estimate c, on vertical planes such as abcd in
Figure 15a. Results obtained by Riestenberq and Sov-
onick-Dunford (29) are given in Table 2, case 5.
Calculations made with Equations 6 and 16 and the
results of excavations by Swanston and by Burroughs
and Thomas (37) are also given. The large root area
of Douglas fir relative to the other species serves
as a reminder that ¢, may be very different for
different species and different site conditions. Ad-
ditional research is needed to establish relations
between the root geometry and site conditions that
are of regional significance.

iu
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TABLE 2 Root Areas and ¢,
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Predominant

Area

Case Species Location Soil (sz/mz) S, (kPa) Reference
Boundary Between B-and C-Horizons
| Sitka spruce, Alaska Silty sand 3.9 5 Wu (35)
western hemlock
2 Sugar maple Ohio Clay 1.4 4 Riestenberg and Sovonick-
Dunford (29)
3 Grasses California Loam and sand - 4-10 Waldron and Dakessian /36)
3 Marram grass — Sand 1.4 3.42 Gray and Leiser (22)
Adriani and Terwindt (23)
Vertical Section in B-Horizon
5 Sugar maple Ohio Clay 23 7 Riestenberg and Sovonick-
Dunford (29)
6 Sitka spruce, Alaska Silty sand 2.25 7 Swanston (personal com-
western hemlock munjcation)
7 Douglas fir Oregon, Gravelly loam, sandy 17.5 40° Burroughs and Thomas (37)
Idaho loam

2Estimated with o= 25 000 kPa,

SUMMARY AND CONCLUSIONS

This review has shown that the basic mechanisms of
the influence of vegetation on the soil moisture
regime and root reinforcement can be understood. Al-
though refinements are needed and important new
problems remain to be solved, application to a num-
ber of simple problems is possible at present. In
many cases vedetation can make significant contribu-
tions to slope stability and promises to be an eco-
nomical solution. Some data on cost effectiveness
have been given by Gray and Leiser (22). It is also
important to realize that important data on infil-
tration and evapotranspiration and root geometry
that are necessary for analysis are available for
only a few locations and species. Hence, any large
program for use of vegetation to improve stability
should be supported by considerable amounts of re-
search to determine the essential parameters that
are needed for analysis and design.
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A Geogrid-Reinforced Soil Wall for Landslide
Correction on the Oregon Coast

THOMAS SZYMONIAK, J. R. BELL, GLEN R. THOMMEN, and EDGAR L. JOHNSEN

ABSTRACT

In June and July 1983, the Oregon State
Highway Division constructed a geogrid-re-
tained soll wall to stabilize a landslide on
the Oregon coast. The project was an FHWA
Experimental Features Project. The experi-
mental aspects of the project were to assess
construction problems of near-vertical walls
with high-density polyethylene geogrids and
to investigate the feasibility of establish-
ing vegetation on the wall face to provide a
natural appearance at an esthetically sensi-
tive site. The experience gained in the de-
sign and construction of the geogrid wall is
presented. Problems encountered during con-
struction are discussed and recommendations
are made for improved methods for future ap-
plication. It is concluded that geogrid wall
construction is practical. Geogrids are more
labor intensive than conventional geotex-
tiles, but their greater strength and ultra-
violet light resistance are compensating ad-
vantages. Establishment of vegetation on the
face of a geogrid wall is possible by plac-
ing sod strips between the backfill and the
geogrid. A coarse backfill or a filter fab-
ric should be used if sod 1is not placed
against the face to limit the loss of fines.

The Oregon State Highway Division has utilized a
high-density polyethylene grid-reinforced wall to
stabilize a landslide on the Oregon coast. The geo-
grid used was Tensar SR-2. Geogrids have been used
around the world and have the potential for many ap-
plications (1). They have not, however, been used
previously for near-vertical retaining walls in the
United States.

The slide correction was performed as an FHWA Ex-
perimental Features Project and was constructed dur-
ing the summer of 1983. The objectives of the proj-
ect were to assess the construction of geogrid walls
and to investigate establishment of vegetation on
the wall face. The purpose of this report is to
present the experiences gained in the design and
construction of the geogrid wall.

BACKGROUND

The Experimental Features Project 1is located just
off the Oregon Coast Highway on Otter Rock Highway
182 in the vicinity of Devil's Punch Bowl State
Park, approximately 15 miles north of Newport, Ore-
gon. Fiqure 1 shows the general 1location of the
project on the Oregon coast.

The experimental geogrid wall was a replacement
for a 12-ft concrete rubble wall. The replacement
was necessitated by a slide failure that occurred in
December 1981. The slide dropped the pavement 4 ft
on the easterly edge, severely cracked a concrete

rubble wall, and forced the closure of the main en-
trance to the popular Devil's Punch Bowl State Park.
Figure 2 shows the original concrete rubble wall and
the extent of the slide failure.

Three alternatives were considered by the Oregon
State Highway Division for stabilizing the slide.
The first alternative was a tie-back soldier pile
wall with precast concrete panels and a lightweight
backfill. The second alternative was a nonwoven geo-
textile retaining wall with a qunite facing. The
geogrid wall, the third alternative, was chosen over
the other two alternatives for two reasons:

1. It had the lowest estimated cost and

2. The open face allowed establishment of vege-
tation, which provided a natural appearance compat-
ible with the surroundings of the state park.

The geogrid wall had the 1lowest estimated cost
because it did not require a facing for protection
from ultraviolet (UV) light as did the conventional
geotextile wall. In the planning stages of the proj-
ect, preliminary designs for both the geogrid and a
conventional geotextile were completed. For these
preliminary estimates, the geotextile design re-
quired 36 layers of reinforcement using 11,500 yad?
of fabric. Because of its greater strength, the geo-
grid wall only required 21 layers and 6,000 yd? of
material. Although the geogrid wall 4id require han-
dling less reinforcing material, the unit cost for
placing the geogrid was estimated to be greater than
that for the geotextile, for two main reasons:

1. The geogrid was supplied in rolls 3.3 ft
wide, whereas the geotextile rolls were 16 ft wide;
therefore, many more individual geogrid pieces must
be handled; and

2, The geogrid required forming thicker 1layers,
so more robust, complex forms were needed.

It was estimated that the backfill placement
costs would be nearly the same for the two ma-
terials. The geotextile wall would have been less
expensive because the material had a lower unit
price, but because of its low UV resistance, it
would have required an additional expense for a pro-
tective facing. Thus, the geogrid wall was selected
because it did not require a facing to protect it
from sunlight and it was possible to provide a more
natural appearance that would not detract from the
esthetics of the park.

SITE INVESTIGATION

Site investigation was carried out by the 1local
Highway Division Soils and Geology Section during
July 1982. Six boreholes were located within the
slide area, and two steel inclinometer tubes were
installed to establish the plane of fallure and to
monitor the groundwater levels. Monitoring of the
site was carried out during the winter of 1982.

The soil profile, defined by the exploration
phase, consisted of a 12-ft layer of medium to stiff
yellow-brown sand and a layer of soft gray silty
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PROJIECT

FIGURE 1 Geogrid wall site location.

FIGURE 2 Site before construction.

clay varying in thickness from 0 to 12 ft and under-
lain by gray shale. The failure plane defined by the
inclinometer tubes was at the clay-shale interface.
Figure 3 shows a typical cross section of the slide
and the failure plane. The slide resulted from water
that caused the fractured shale to deteriorate into
a soft weak clay. Two faults in the slide area
caused the hard gray shale to fracture, and excess
water from the sand layer triggered the slide.
Therefore, the main objectives of the slide correc-
tion were to control the water flowing in the sand
layer and to prevent further deterioration of the
shale.

BEVILE PUNCH BOWL
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SLIDE CORRECTION DESIGN

The general scheme of the slide correction was to
excavate to the firm intact shale, build the layered
geogrid wall, and provide perforated drain pipes be-
low the sand layer to control the groundwater. Fig-
ure 4 shows a typical cross section of the geogrid
wall.

The decision was made to build the geogrid wall
on a 6 (vertical) to 1 (horizontal) slope to attain
a neat face and provide an area for natural vegeta-
tion. The final section was dictated by the presence
of an existing 24-in. storm sewer pipe, a public
restroom facility, and the requirement of maintain-
ing two 12-ft travel lanes and a 4-ft shoulder plus
guardrail. The bottom of the excavation was to be
made to Elevation 45 to intercept the firm shale be-
low the failure surface. The geogrid wall was to be
founded on a l1-ft layer of well-compacted gravel at
an elevation of 46 ft.

The front view of the geogrid wall approximates a
trapezoid the bottom of which is 70 £t long and is
tapered on both sides to a top length of 170 ft. The
wall at the top 1is stepped to fit the vertical curve
of the roadway. The sag point elevation is 74.5 ft,
which dictates the minimum height of the wall to be
29.5 ft. An elevation view of the wall and the con-
trolling elevations are shown in Figure 5.

The design also called for common backfill to be
placed over the lower face of the wall to reestab-
lish the natural ground surface. Above the natural
ground line sod was to be placed between the gravel
backfill and the Tensar geogrid. Use of sod was be-
lieved to be the most economical way to establish
vegetation on the face., To accommodate future
growth, a dirty backfill (class-B backfill) was
placed in the first 2 ft behind the sod, and a
cleaner gravel (class-A backfill) was used as the
remainder of the fill.

ITE
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GEOGRID WALL DESIGN cent. In comparison, a conventional nonwoven geo-

The geogrid polymer is a high-density polyethylene
stabilized with carbon black to provide UV light re-
sistance. The grid material is illustrated in Fig-
ure 6., The grids are supplied in rolls 3.3 ft wide
and 98 ft long. Tensar SR-2 has a strength of 5.413
kips/ft in the principal direction and a weight of
27.61 oz/yd?. Strain at fallure is 12 percent and
strain at 40 percent of maximum strength is 3 per-

textile, Trevira 1127, has a strength of 1.1 kips/ft
and a weight of 6.5 oz/yd?.

The backfill material used for the geogrid wall
was a graded crushed basalt with 2-~in. maximum size;
the A-zone material had a maximum of 10 percent
fines, and the B-zone had a maximum of 20 percent
fines to accommodate the growth of the sod. Specifi-
cations required at least 95 percent of standard op-
timum dry unit weight (AASHTO T99). The bulk density
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FIGURE 6 Fastening the geogrid strips together.

and angle of internal friction for the backfill were
assumed to be 140.0 1b/ft*? and 40 degrees, respec-
tively.

To limit possible creep of the reinforcement, the
working stress for the geogrids was taken as 40 per-
cent of the ultimate strength. The open structure
of the grids allowed for the interlocking of the
backfill material across the grid; therefore, the
full soil friction was assumed to be developed at
the soil-geogrid interface.

The wall was designed with the assumption that
the grids had to resist the active Rankine lateral
earth pressures by the portion of the reinforcement
extending beyond the theoretical Rankine failure
surface. The method of analysis was described by Lee
et al. (2) and Hausmann (3) for Reinforced Earth
walls and was modified for geotextile walls by Bell
and his co-workers at Oregon State University (4,5).
This method has been used by the Forest Service
(6,7), New York Department of Transportation (8),
Colorado Department of Highways (9), and others to
construct successful geotextile walls in the United
States.

Geogrid lengths and vertical spacings were cal-
culated to provide minimum safety factors of 2.0 for
dead load only and 1.15 for dead load plus 1live
load, whichever was more restrictive. The reduced
factor with live loads was allowed because

1. After construction, truck traffic would be
limited to recreational vehicles and an occasional
service vehicle, and

L-WQ Il compactied base

2. The allowable working load included a safety
factor of 2.5 against a short-term failure.

The vertical spacing calculated for the geogrid
wall was 1 £t at the bottom of the wall and approxi-
mately 4.6 ft at the top. For appearance and con-
struction considerations. the wall was detailed with
5-ft steps. Each step was set back 6 in. from the
one below to give the wall an average batter of 1:6
(see Fiqure 4). The lower three layers were given
reinforcement spacings of 1 ft, the midheight lavers
spacimgs of 1.5 ft, and the top two layers rein-
forcement spacings of 3 ft., To give a uniform ap-
pearance the geogrids were folded back into the
backfill at midlayer height for the top two layers.
This fold was only anchored a distance of 5 ft into
the backfill because the embedment was required to
stabilize the face and was not required for overall
stability. The anchored distance at the top was the
same as the 5-ft overlap embedment used for each
layer.

The geogrid reinforcement lengths were 16 ft.
This length was required at the top for resistance
to failure by pullout of the reinforcement and at
the bottom to provide resistance to horizontal slid-
ing of the total reinforced block.

To keep the costs of the geogrid wall competi-
tive, it was necessary to select a simple effective
method of supporting the face during construction.
According to John Tempelman of Netlon Limited,
Blackburn, England, scaffolding from the qround
level in front of the wall has been used success-
fully in England and elsewhere. The steep site, wall
geometry, and thc need to operate equipment in front
of the wall made scaffolds impractical for this
wall. As has been done on geotextile walls (6,8,9)
the state suggested the use of movable self-support-
ing forms.

Because reinforcement spacing was 3 ft at the
top, a 3-ft forming system was required. The deci-
sion was made to use the same system throughout and
construct the wall with 3-ft steps. Experience on a
wall in Glenwood Canyon, Colorado, indicated that
the simple movable forms previously used were not
suitable for layers greater than about 15 in. There-
fore, a forming system was suggested by the state in
the contract documents that incorporated the same
concepts of the previously used geotextile forms but
had special features to allow for thicker layers.

The suggested forming system is shown in Fiqures
7 and 8. The contract documents indicated that the
contractor could use another system or modify the
suggested method. The state had hoped that the con-
tractor would add ideas and modify the system during
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FIGURE 8 Suggested forming system with geogrid in place.

construction, which would lead to the development of
a more efficient forming system that could be used
on future projects.

The suggested form consisted of a 3 x 8-ft sheet
of 3/4-in. plywood held in place by the upright on
the form support. To resist overturning, the form
support was anchored in the backfill. There was con-
cern that if the form support base extended into the
backfill far enough to provide stability, friction
would make it difficult to pull the base out at the
completion of the layer. Therefore, a sacrificial
reaction pipe was anchored in the backfill, and the

TYPICAL FORM INSTALLATION

rod on the form support was inserted into the pipe.
The rod on the form support was bent upward to pre-
vent kickout of the bottom of the plywood form. Be-
cause there was little friction on the form support
base, an anchor rod was used to provide lateral re-
sistance.

As shown by the typical installation in Figure 7,
it was anticipated that the forms for a completed
layer would be left in place while the next layer
was constructed. The lower form would add stability
to the upper form and help maintain vertical and
horizontal alignments. The form supports would be
leveled and shimmed as required, depending on the
placement of the lower layer. When the upper layer
was completed, the lower forms would be removed and
moved up to form the next layer and so forth. It was
believed that this system and procedure would be
simple, expedient, and stable for the 3-ft layers.

CONSTRUCTION

Final design of the geogrid wall was completed in
February 1983, and the contract was awarded in
April. The Highway Division estimated the project
cost to be $165,802, and the low bid received was

$166,328. A total of five contractors bid on the
project, and the highest bid for the work was
$269,000.

A summary of the salient features and a cost com-
parison with other walls appear in Table 1.

Excavation of the site began June 6. The month of
June was quite wet and portions of the excavation
slopes failed., Actual wall construction did not be-
gin until the middle of the month and not before
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TABLE 1 Data Sheet

Item Description
Fabric Tensar SR-2
Weight 21.6 oz,‘ya2
Strength 451 1b/in.; 5,413 1b/ft
Chemical makeup High-density polypropylene
How made Drawn with heat
Roll dimensions
Width 3.3
Length 98 ft
Weight 62 1b
Height 29 ft
Face wall 3,900 ft2; 2,500 ft? of sod
Amount of fabric 6,000 yd?
Design angle of internal friction (¢) 40 degrees

Time
Construction

@

To reset form
Cost

Fabric

Fabric (cost to state)

Labor

Per square foot of wall

21 days (32 days including exca-
vation)

2 hr
Soar

$4.50/yd?
$6.75/yd?
$13,500/3,900 ft2 = $3,46/fc?

Without backfill $11.44/ft%
With backfill $24/ft% (A and B backfill)
30-ft concrete cantilever® $50/ft2
304t Reinforced Earth? $18/ft?
304t VSL Corporation retained
earth? $20/tt?
30t Doublewal® $20/ft?
30-ft metal bin® $38/ft?
Permanent tie back? $50+/ft?

41981 FHWA data that are still relevant (does not include backfill),

problems had been encountered with the excavation,
the groundwater, and surface runoff.

Uncovered in the excavation were plugged horizon-
tal drain pipes that had been installed in 1975.
Once broken by the backhoe, they immediately began
to allow the flow of water into the excavation. The
added water resulted in further deterioration of the
shale layer, and so the unplugged drain pipes were
Lhought Lo have contributed to the slides at the ex-—
cavation site.

The general procedure followed by the contractor
in the early stages of the wall construction was as
follows:

1. Set the proposed forms at gradeline;

2, Lay out prefabricated sections, made up of
two to three sheets of geogrid;

3. Drape the fabric over the forms, allowing for
required embedment lengths, and secure the fabric
with No. 3 rebar anchor pins;

4, Place hog rings to secure the panels to one
another at the face:

5. Place class-A backfill in 6-in. lifts to de-
sired layer thickness;

6, Level and compact;

7. Place sod in position beyond the geogrid;

8. Place class-B backfill and compact;

9. Fold overlap and pin fabric to completed
backfill; and

10. Continue lifts until the top of the 3-ft form
is reached, then remove forms and move them up for
the next 3-ft layer.

Figures 6 and 10 show aspects of the wall con-
struction procedure. Figure 6 shows a worker secur-
ing the sheets of geogrid into a section and splic-
ing the ends of the geogrid with No. 3 rebar. A
masonry circular saw was used to cut the geogrid.
Figure 8 shows the initial forming system and the
draping of the grid over the form. Figure 9 is an
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FIGURE 9 General view of construction site and placement of
class-A backfill.

overview of the initial wall construction that shows
the restricted space and the placement of the class-
A backfill. Figure 10 shows a worker hanging the sod
strips on the form and shows the space left for the
dirty class-B backfill. The light compaction eguip-
ment used near the face of the wall to compact the
class-B backfill is shown in Fiqure 11, and Fiqure
12 shows the pinning of the overlap and deflections
experienced with the initial forming system. In
Figure 13 the equipment used by the contractor and
part of the drainage network installed to intercept
the groundwater can be seen. Fiqure 14 shows the
completed geogrid wall.

As the geogrid wall gained in height, several
problems began to occur. The first was that the
contractor was not achieving 95 percent of the stan-
dard maximum dry density. The frequent rain showers
and the backtill gradation did not allow the ma-
terial to drain, so the in-place moisture content
was several points above optimum. The decision was
then made to lower the density requirement to 90
percent and place a rock blanket of material 1.5 to
2.5 in. thick against the excavation backslope to
intercept groundwater and improve the drainage.

The second problem was the sagging and bulging of
the wall face. This problem was caused by excessive
flexibility in the proposed forms and the loss of
class-B backfill through the grid where sod had not
been placed@ between the geogrid and the backfill,

FIGURE 10 Hanging sod on back of forms.

iran
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FIGURE 13 General view of construction site during backfill
compaction.

The time between when the forms were removed and
when the face was covered by common backfill was
long enough for significant amounts of the fine
class-B backfill to be lost from behind the grid.
Where sod had been placed against the geogrid rein-
forcement, the fines were inhibited from movement
and the wall face was nearly vertical. The problem
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FIGURE 14 Completed geogrid wall.

of bulging was not deemed important in the 1lower
layers, because they would be covered. However, the
sagging of the wall resulted in modification by the
contractor of the method of forming the face of the
wall,

Rs stated previously, the suggested forming sys-
tem was too flexible. The combination of the 3/4-in.
plywood forms and the 18-in. form supports on 4-ft
centers resulted in the deflection of the forms. A
more serious problem, which led the contractor to
modify the forming method, resulted from the loss of
support from under the forms.

As discussed in the preceding section, it was ex-
pected that the forms for a completed 3-ft step
would be left in place until the forms above had
been set and at least the first lift of that step
was in place. The contractor elected not to follow
the double-form system and moved the forms as each
3-ft step was completed. Also, the contractor used
plastic rather than steel reaction pipes. The result
of both decisions was that the stability of the
forms was totally dependent on the support of the
backfill directly under the metal plate of the pre-
vious 3-ft layer (see Figure 7). Without the lower
form in place, the slight inevitable bulging of the
face resulted in tipping of the form support. Loss
of the finer backfill compounded the problem of the
form support, and with the form support stiffened
only by the plastic reaction pipe, the form tipped
even further. Also, because of the loss of backfill
material, the effectiveness of the form support an-
chor was reduced, which caused the form system to
become unstable.

The contractor's solution to the forming problem
is shown in Fiqures 15 and 16. Figures 15 and 16
show the modified forming system and the new forms.
The forms employed by the contractor were stiffened
with 2 x 4-in. lumber and braced against a 2 x 4-in.
support extending 4 ft into the backfill to provide
an anchor. The protruding end of the horizontal an-
chor was supported by a vertical member and an 8-in.
spike was driven at the end of the support into the
lower layer. The bottom of the 3/4-in. plywood form
was held in place by 2 x 4-in, lumber nailed to the
anchor support. At least three braces were used on
each 8-ft forming unit. The new forming system re-
quired considerably more time to construct but did
provide a stable face against which to build.

The geogrid wall was completed July 27. The con-
struction time was considerably longer than the es-—
timated 10 working days. This resulted from adverse
weather corditions, difficulties in scheduling the
work because of the confined space, and the labor-



54

STIFFENER

GEOGRID.

e

{}I_—Jmcr_!on SUPPORT:
i 3 b | '

‘\\
3
ey v ~ \

FIGURE 16 Modified forming system and heavy vibrating roller
used for backfill compaction.

intensive nature of the construction. The completed
wall is shown in Figure 14.

EVALUATION AND RECOMMENDATIONS

The geogrid wall has only been in service a short
time, but 1t appears to have stabilized the site.
The sod facing grew and the appearance was satisfac-
tory, but lack of irrigation killed most of the sod
by mid-September 1983. The geoqrids have potential
and are competitive in cost with the conventional
geotextile walls where a natural appearance is de-
sirable. Improvements in construction techniques are
necessary to fully utilize the potential of geogrid
materials.

At suitable sites, scaffolding may be the solu-
tion to the forming problems. In other situations
modifications of the movable forms origqinally sug-~
gested for this project are recommended. Several
modifications to the forming system are proposed:

1. stiffen the plywood form with 2 x 4-in. lum-
ber along the top,

2, Secure adjacent forms to each other with bat-
tens,

3. Lengthen the upright on the form supports to
be 6 in. shorter than the form,

4, Eliminate the reaction pipe and all anchor
pins and extend the base plate of the form support 3
ft into the backfill,
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5. Weld rings on the short end of the form sup-
port base plate so mechanical aides can be used if
necessary to pull the plate free after the layer has
been complete

r
£ Mma nb Tacmbk bbhoeas L£Aanwem ~o v b e ammbh O
€. Use at least three rm suppocrts on sach 8-ft
form,

7. Use backfill coarser than the grid openings
or use a layer of a geotextile behind the face of
the wall to prevent loss of backfill through the
grid, and

8. Be careful to compact near the forms and
tightly secure the qeogrid overlaps on the tops of
the layers.

With these considerations, the forms should per-
form satisfactorily and may be removed and moved up
with each layer. These changes will expedite con-
struction and make the geogrid walls even more prac-
tical.

ACKNOWLEDGMENT

The project was constructed during the summer of
1983 as an FHWA Experimental Features Project. The
wall was built by Dan D. Allsup, Contractor, Eugene,
Oregon. The wall was designed in cooperation with
the Regional Soils and Geology Section, the Head-

cuartarls Dridosa Fanndstian M-is ha Oantamhniasd
guarter's Driage FPoundation Unit, ne Geoctecnnical

Unit, and the Road Design Section of the Oregon De-
partment of Transportation's Highway Division., The
authors wish to specially thank Chuck Elroy, the
project manager; Claudius Groves, the construction
inspector; Tensar Incorporated, Ontario, Canada, for
providing a field engineer during the early stages
of the wall construction; and Judy Banegas, manage-
ment assistant of the Oregon Department of Trans-
portation, for typing the manuscript.

REFERENCES

1. C.J.F.P., Jones. Practical Construction Techniques
for Retaining Structures Using Fabrics and Geo-
grids. Proc., Second International Conference on
Geotextiles, Las Vegas, Vol. 3, Aug. 1982, pp.
581-585,

2. K.L. Lee, B.D. Adams, and J.M.J. Vagneron. Rein-
forced Earth Retaining Walls. Journal of the Soil
Mechanics and Foundations Division of ASCE, Vol.
99, No, SM10, 1973, pp. 745-763.

3. M.R. Hausmann. Behavior and BAnalysis of Rein-
forced Soil. Ph.D. thesis. University of New
South Wales, Kensington, Australia, 1978.

4, J.R. Bell, A.N. Stilley, and B. Vandre. Fabric
Retained Earth Walls. Proc., 13th Annual Engi-
neering Geology and Soils Engineering Symposium,
Moscow, Idaho, 197S.

5. W. Whitcamb and J.R. Bell. Analysis Techniques
for Low Reinforced Soil Retaining Walls and Com-
parison of Strip and Sheet Reinforcements. Proc.,
17th Engineering Geology and Soils Engineering
Symposium, Moscow, Idaho, 1979.

6. J.R., Bell and J.E. Steward. Construction and Ob-
servations of Fabric Retained Soil Walls. Proc.,
International Conference on the Use of Fabrics in
Geotechnics, Ecole Nationale des Ponts et Chaus-
sées, Paris, France, Vol. 1, April 1977, pp. 123-
128.

7. J. Steward and J. Mahoney. Trial Use Results and
Experience Using Geotextiles for Low-Volume For-
est Roads. Proc., Second International Conference
on Geotextiles, Las Vegas, Vol. 3, Auq. 1982, pp.
569-574.

i1 E



8. Case Histories: Reinforced Earth Walls and Earth-
Fabric Wall. Soil Mechanics Bureau, New York
State Department of Transportation, Albany, March
1981. .

9. J.R. Bell, R.K., Barrett, and A.C. Ruckman. Geo-
textile Earth-Reinforced Retaining Wall Tests:
Glenwood Canyon, Colorado. In Transportation Re-

55

search Record 916, TRB, National Research Coun-
cil, washington, D.C., 1983, pp. 59-69.

Publication of this paper sponsored by Task Force on
Engineering Fabrics.

Performance of an Earthwork Reinforcement System
Constructed with Low-Quality Backfill

JOSEPH B. HANNON and RAYMOND A. FORSYTH

BRBSTRACT

A preliminary evaluation is presented of a
retaining-wall system constructed on Inter-
state 80 at Baxter, California, using low-
quality backfill materials, Four mechanical-
ly stabilized embankments were constructed.
Two of these walls were instrumented to
monitor performance over a 3-year period.
Dummy bar-mats of different configurations
were installed during construction and were

subject to field pullout testing. These
field pullout results are compared with
laboratory tests conducted with the same

backfill material at representative overbur-
den and field moisture and density condi-
tions. Field pullout test results are also
compared with laboratory tests conducted be-
fore the project design. The results of
these tests suggest that the laboratory
pullout test values provide a conservative
design. The transverse bars governed the
pullout capacity of the bar-mat and the
overburden stress did not significantly af-
fect the pullout capacity in cohesive back-
fill. The contractor's method of construc-
tion significantly influenced the overall
response of the soil-reinforced wall system.
The satisfactory performance of this wall
system after one severe winter season sug-
gests that mat- (or mesh-) type soil rein-
forcement systems can be constructed suc-
cessfully by using low-quality on-site
materials as backfill.

The evolution of the mechanically stabilized embank-
ment (MSE) has been described in some detail in the
literature (1,2). Results of large-scale laboratory
pullout tests by the California Department of Trans-
portation (Caltrans) and others (3) have convincing-
ly demonstrated the greatly increased pullout resis-
tance of mesh-type reinforcement in that less steel
is exposed to soil as compared with the case of flat
reinforcing strips. Recognition of this may have

been a factor in the introduction of ribbed rein-
forcing strips by the Reinforced FEarth Company in
1978 (4). These early tests revealed not only a dif-
ferent failure mechanism as compared with the flat
reinforcing strips but also extremely high pullout
resistance in poor-quality backfill., Pullout resis-
tance in a silty clay (Table 1) was found to compare

TABLE 1 Comparison of Pull Resistance for Bar Mesh Embedded
in Gravelly Sand and Silty Clay Soils (1)

Mesh Confining Yielding  Peak Residual

Opening®  Pressure Load Load Load
Soil Type (in.) (psi) (kips) (kips) (kips)
Gravelly sand 4x8 10 Aljo) ] 37.5 25.7
Gravelly sand 4x8 20 20 44 35.8
Gravelly sand 4x8 25 20 60 43
Silty clay 4x8 10 19 395 33.5
Silty clay 4x8 20 21 55.5 215
Silty clay 4x8 40 24 66 59
Silty clay 5x 14 10 10 29 27
Silty clay 5x14 20 11 30 30
Silty clay 5x 14 40 12 41 41

4No, 3 reinforcing bars.

favorably with that obtained in gravelly sand when
strain criteria were used. These data confirmed the
original premise that the use of mesh reinforcement
could result in significant savings when quality
backfill was not readily available.

For the first MSEs, constructed on I-5 near Duns-—
muir, California, in 1974, high-guality backfill was
used so that a direct comparison in performance
could be made with a Reinforced Earth (RE) wall of
approximately equal height on the same project. The
results, based on extensive instrumentation of both
systems, were presented in some detail in 1982 (5).
Although there was a great deal of interest in con-
structing a prototype MSE with marginal-quality
backfill, either subseguent MSE projects were 1in
areas where high-gquality backfill was readily avail-
able or the nature of the installation was unsuit-
able for a long-term evaluation.

At the request of Caltrans District 3, a feasi-
bility study for the construction of four MSEs near
Baxter, California, was initiated in BApril 1979.
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These walls, varylng in length from 183 to 490 ft,
were to provide 0.5 mile of additional lane on east-
bound I-80 for the purpose of installing chains on
vehicles before they entered the heavy snow of the

Meona Qlaven Uishear [Mignra 1Y Tha nrecence of
Tranc Silszrra Highway ([(Figure 1). Tha: _nroacanca of

Canyon Creek adjacent to the highway at this loca-
tion precluded construction of embankments for the
full length of the widening. R total of 1,375 lineal
ft of wall at a maximum height of 16 ft was neces-
sary for the additional paved width.

Foundation exploration consisted of three rotary
sample borings, twelve 2.25-in. cone penetration
tests, and eleven 1l-in. soil borings. Foundation
material oonoioted of a compacted granular embank-
ment underlain by a stream-deposited alluvium and
between stations 383+ and 388 colluvial silt and
clays. Within these limits groundwater was encoun-
tered at a depth of 4 ft. The results of laboratory
classification tests on samples considered represen—
tative for preliminary design purposes are shown in
Table 2. The results of the feasibllity study indi-
cated that MSEs could be constructed at the site by
using native material for backfill.

The project was delayed for approximately 2 years
because of limited funding and higher-priority work.
In April 1981 approval was given to begin detailed
design. This was accomplished in a cooperative ef-
fort by the Transportation Laboratory and design

personnel from District 3 (Marysville) and District
9 (Richop). Tn addition to the MSE gystems, alterna-

tive designs for reinforced-concrete crib walls and
RE walls were included in the bildding package.

INTERNAL AND EXTERNAL WALL STABILITY

External stability analysis for the MSEs at Baxter
consisted of checking both the resistance to sliding
and overturning moments for the statlc condition.
Once internal stabillty requirements are satisfied,
the MSE is assumed to act as a solid gravity mass
with its weight resisting the overturning moment.
The overturning moment is due to the earth pressure
behind the gravity mass. Resistance to sliding is
provided by adequate horizontal embedment depth to
mobilize the shear strength of the backfill ma-
terlal. Minimum factors of safety of 1.5 for sliding
and 2.0 for overturning were required.

The site is located approximately 35 miles east
of the historically active Stampede Valley fault.

DRUM FOREBAY
OVERCROSSING
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The maximum credible bedrock acceleration is esti-
mated at 0.1 g as a result of activity on this
fault. Because of the conservative design approach
applied for the saturated backfill condition as de—

€3wmnd 3o kha FATTArtons Etha eniemin 1nad affact aAn
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stability was discounted in the final design. No po-
tential exists for liquefaction.

Initial laboratory testing of on-site embankment
material performed as part of the feasibility study
for this project in 1979 provided the information
shown in Table 2. The existing embankment material
was determined to be an SM (sandy silt) by the Uni-
fied Soil Classification System. Because up to 48
peroent of the material passed the No. 200 sieve, it
was considered inappropriate for conventional RE
backfill construction. The backfill specifications
on Caltrans contracts for the patented RE alterna-
tive allows up to 25 percent passing the No. 200
sieve. The on-site materials of this project are not
free draining and are subject to considerable
strength loss when saturated. This potential
strength loss is suggested by comparison of the un-
drained strength (CUtotal) with the effective or
drained strength (CUeff) (Tables 3 and 4). A subsur-
face drainage system was required for positive
drainage and long-term wall performance.

For the initial feasibility study, an angle of
internal friction (¢) of 20 degrees and a cohesion
of 500 psf were assumed at partial saturation. The
minimuom factors of safety for sliding (1.5) and
overturning (2.0} could be satisfied with a bar-mat
embedment length providing a 12-ft base for the
maximum wall height of 16 ft. However, additional
triaxial testing of on-site materials under satu-
rated conditions suggested that a more conservative
wall design should be used in the event that the
proposed drainage blanket should malfunction, allow-
ing saturation of the low-quality backfill. An angle
of internal friction of 10 degrees and a cohesion of
800 psf were assumed for the final design but to be
more conservative, the cohesion value was neglected
when a Rankine triangular active pressure distribu-
tion was applied behind the wall face.

This conservative design required that the wall
base width be increased by 2 ft to provide the mini-
mum requirements for external stability. In finaliz-
ing this design, large-scale preliminary laboratory

pullout tests were performed at 90 percent relative
compaction and with variable moisture contents by
using on-site materials from the existing embankment
(proposed for backfill).

END OF WORK

P.M. 48.8

BEGINNING OF WORK
PM.48.3

FIGURE 1 Vicinity map.
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TABLE 2 Physical Soil Properties of Backfill Materials for Location 1

Initial Test on Proposed Backfill

Progress Sample from Location 1

(Embankment Material) (Wall 1)
Property Sample 79-1190 Sample 79-1191 Sample 82-1208 Sample 82-1232 Specifications
Plasticity index PI (%) 8 11 7 9 10 max.
pH 59 5.5 - - -
Resistivity (ohm-cm) 14,500 7,300 - — -
Sand equivalent 23 13 19 13 -
Maximum wet density (pcf) 115 115 114 114 -
Sieve size (% passing by weight)
6 in. — - — - 100
3in, 100 - 100 99 -
2% in. 92 100 99 97 -
2 in. 84 98 99 94 —
1% in. 78 97 98 93 —
1in. 75 95 95 90 -
3/4 in. 74 94 93 86 -
1/2 in. 72 93 91 82 -
3/8 in. 70 92 90 80 -
No. 4 67 90 87 77 -
No. 8 62 85 75 71 -
No. 16 56 78 65 64 -
No. 30 50 72 57 57 -
No. 50 44 64 51 49 -
No. 100 37 55 44 42 -
No. 200 32 48 38 36 -
S5u 14 21 24 18 -
1u 5 7 9 10 -
Unified Soil Classification SM SM SM SM —

TABLE 3 Shear Strength of Backfill Materials: Location 1

Initial Test on Proposed Backfill
(Embankment Material)

Progress Sample from Location 1 (Wall 1)

Sample 79-1190 Sample 79-1191

Sample 82-1208 Sample 82-1232

Parameter 81¢) CUeff CUtotal uu CUeff CUtotal uu? CUeff CUtotal uu? CUeff CUtotal
Angle of internal

friction ¢

(degrees) 31 32 20 31 32 6 28 32 20 33 16 5
Cohesion ¢ (psf) 1,600 500 700 1,200 300 900 2,700 300 600 700 700 1,000

Note: UU = unconsolidated undrained; CUeff = consolidated undrained effective. All strength tests performed on remolded specimens: 82-1208 sampled
from backfill at station 383+60 9 ft below finished grade, 82-1232 sampled from backfill at station 383+60 5 ft below finished grade.

aStaged test.

TABLE 4 Shear Strength of Backfill Materials: Location 2

Progress Sample from Location 2 (Wall 3)

Sample 82-1256 Sample 82-1261

Parameter uu? CUeff? CUtotal®> UU® CUeff CUtotal
Angle of internal

friction ¢

(degrees) 35 31 19 13 33 18
Cohesion ¢

(psi) 1,100 500 1,200 1,200 360 1,400
Note: UU = unconsolidated undrained; CUeff = consolidated undrained effective. All

strength tests performed on remolded specimens; 82-1256 sampled from backfill at sta-
tion 399+30 10 ft below finished grade, 82-1261 sampled from backfill at station 399+
30 5 ft below finished grade,

aStaged test.

The proposed embedment length for the reinforce-
ment was verified by the foregoing preliminary labo-
ratory pullout tests by varying the saturation
levels of the test backfill under overburden pres-
sures equivalent to 5, 10, 15, and 20 ft of embank-
ment. Based on these tests, a maximum pullout value
of 4 kips was assumed at l-in. lateral movement for
the laboratory test mat 2 ft wide by 4 ft long (8-
ft? vertical projected area) using three trans-
verse and five longitudinal W7 bars on 6 x 24-in.
grid and 10 ft of overburden. Because the bar-mats
proposed for the construction (Figure 2) would be
placed on 2-ft vertical spacings (Figure 3) and

cover an effective area 5 ft wide by 12 ft long (60
ft?), the available pullout resistance was con-
servatively estimated at (60/8) x 4 kips or 30 kips
per mat for 16 ft of overburden. The mats for the
actual design would provide a factor of safety for
internal stability exceeding 2.0 for pullout.

It is the opinion of the authors that when suffi-
cient steel reinforcement is provided within the
reinforced soil block and external stability is sat-
isfied, potential failure planes will be forced
beyond the reinforced soil block. Information col-
lected and now under study on MSE systems con-
structed by Caltrans with quality backfill has veri-
fied this. For the design of the MSE walls on this
project where low-quality backfill was proposed, it
was assumed that this condition also existed.

CORROSION

Table 2 presents the preliminary test results for
soil pH and resistivity. Minimum values for 5.5 for
pH and 7,300 ohm-cm were selected for determining
corrosion loss of the buried bar-mats, Additional
soil samples were also obtained along the existing
shoulder before construction to reflect concentra-
tions of deicing salts and the worst possible corro-
sion conditions. The resulting test values were less
critical than the previous values for pH and re-
sistivity. A uniform rate of surface corrosion of
0.5 oz/(ft? * yr) was therefore estimated for



58

5’ = o|l
_=o
565 sefo ™
]
©
w
6"x 24" —] )
ik sGj4 salp nE
12
e
s
LI
N
.{L
©
seﬁ’a ss‘ B ™
sef2 SG?? ©
| OOt T

s
©

| SGjl

7-g"

3 P
FIGURE 2 Instrumented bar-mat with strain gauge

iocations.

13

LEGEND
CODE | SYMBOL DESCRIPTION
sG [] STRAIN GAGES (2 ea.)
cc 1 CONCRETE PRESSURE CELLS
PP [] PLUMB POINTS
RM % | REFERENCE MONUMENTS
P A | PIEZOMETERS
670 Dz & )
28"
15’
{ +
I ES 025'AC
EP~| ——s50% 2,0% —
PCC ~
i '
PERMEABL E -
MATERIALL-‘T 7 LLEVEL C ot
= LEVELB [
INSTRUMENTED o e
BAR MAT LEVEL A
FABRIC . L =
"l? :"”z
mE
LOCATION 2, Sta 399 + 30(H=6)
61'T0 Dz & —
—
1
EP ‘ ES
PCC ~3 8.0'/.*:
el o _LEVEL C ™}
PEMEARSE ¥
2| ¢ —LEVEL B
INSTRUMENTED ——| = ~] M _YLEVEL A
BAR MAT .
FABRIC —

R

P 2 o
ov..-u:_ In Lal £ 3

LOCATION |, Sta. 383+ 60(H=14")

FIGURE 3 Instrumentation sections.

Transportation Research Record 965

design by using the previous values (6). According-
ly, the W7 bar size was selected as adequate for the
50-year design life of the facility based on working
stresses. Criteria now used by Caltrans are some-

Wwhat moie conservative.

Progress tests for pH and resistivity made during
actual construction indicated soil resistivity as
low as 1,400 ohm-cm with a pH of 5.1, which is a
more critical corrosion condition than originally
estimated, A series of steel rods (W7 bars) were
placed in the wall backfill at various levels during
construction to monitor corrosion rate. These rods
will be pulled at future intervals for inspection
and determlnation of corrosion loss.

CONSTRUCTION

Plans and specifications for the project were com-
pleted in May 1981. Because of funding constraints,
construction was deferred until the 1982 construc-
tion season. The project was advertised in March,
with a bid opening of April 20, 1982, The successful
bidder selected the MSE alternative with a bid of
$816,930 for the 17,626 ft? of wall and associated
road work. The second low bidder submitted the rein-
forced-concrete crib-wall alternative (17,497 f£t?)
with a total bid of $882,621. An RE wall was bid a
close third at $883,226 (17,278%). The contract
was awarded to the Teichert Construction Company on
May 28, 1982,

The difference in bid price was due primarily to
the smaller amount of excavation (6,000 yd® versus
7,350 yd%®) and use of the on-site lower-guality
backfill for the MSEs. The RE walls required 2 ft of
additional horizontal embedment with imported back-
£ill material. The RE backfill requirements included
a maximum rock size of 6 in. and up to 25 percent
passing the No. 200 sieve with a sand equivalent
value of 25 minimum; that is, with the exception of
the maximum rock size, the backfill was of subbase
quality. The only quality requirement for MSE back-
f£fill, with the exception of 6-in. maximum size, was
a maximum limitation on the plasticity index of 10.

The MSE construction was to be instrumented and
subject to evaluation and monitoring under a fed-
erally financed research project as a type-B study.

On July 9, 1982, wall erection was under way; the
initial delivery of prefabricated concrete facing
elements and W7 welded wire reinforcing mats had
been made. The contractor's operation began with ex-
cavation and stockpiling of the existing embankment
material from wall 1 (location 1, see Fiqure 4).
This material was used as backfill; additional
materials came from the excavations for walls 2 and
3 (location 2). Test results on progress samples of
backfill from wall 1 (location 1) are chown in
Tables 2 and 3. These results are comparable with
the initial test results.

Construction continued until mid-September, when
progress was interrupted by intermittent rains., 1In
August the project was shut down for 1 week because
of unsatisfactory plasticity index tests on the na-
tive backfill material intended for wall 1, which
were found to exceed the specification limit of 10
by as much as 8. This deqree of plasticity was un-
anticipated based on the results of the original
exploration in 1979 (Table 2). However, there was
minimal concern with respect to internal stability
because of the conservative design criteria used,
the presence of a positive subsurface drainage sys-—
tem, and the results of the laboratory pullout tests
under saturated conditions. The decision was ulti-
mately made to allow the contractor to proceed with
the operation after the assessment of a §2,000
rebate.
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INSTRUMENTATION
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FIGURE 4 Plan of instrumentation locations.

Wall 3 (location 2) was the last wall to be com-
pleted, and materials from excavation had already
been used for the other three walls. Local borrow
was required as backfill to complete this facility.
Initial tests on the proposed borrow material are
presented in Table 5. Progress tests made during
erection of wall 3 (location 2) are also presented.
The materials placed as backfill were coarser than
those initially tested. The backfill is also re-
ported as nonplastic. The corrosion parameters for
PH and resistivity also favor a longer-term per-

formance for wall 3 (location 2) compared@ with the
same parameters in Table 2, which suggest a shorter-
term performance (location 1).

The walls were completed and the roadway was
paved during November 1982, During construction,
several rainstorms occurred that delayed the work.
The fine-grained backfill material became partially
saturated and additional time was required before
work could resume. The backfill also required some
reworking for proper compaction.

The method of construction the

for permeable

TABLE 5 Physical Soil Properties of Backfill Materials for Location 2

Progress Sample from Location 2

(Wall 3)

Proposed Imported Local

Borrow (Location 2,

Property Sample 82-1256 Sample 82-1261 Sample 82-1203) Specifications
Plasticity index PI (%) NP NP 5 10 max.
pH 6.1 6.1 6.4 -
Resistivity (ohm-cm) 23,400 29,200 22,800 -
Sand equivalent 9 12 - -
Maximum wet density (pcf) 118 117 - -
Sieve size (% passing by weight)
6 in, - - - 100
3in, - — - -
2% in, 100 - - -
2in, 99 100 —
1% in. 29 99 —
1in. 97 98 — —
3/4 in. 96 98 -
1/2in. 95 97 -
3/8 in. 94 97 — -
No. 4 92 96 100 =
No. 8 89 94 98 -
No. 16 87 92 96 -
No. 30 85 89 95 -
No. 50 81 83 93 —
No. 100 70 66 91 -
No. 200 57 50 86 =
S5u 12 12 25 -
5 6 9 -
Unified Soil Classification ML ML ML =
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blanket had a significant influence on the instru-
mentation results, which will be described in subse-
quent sections of this report.

INSTRUMENTATION

Two of the four walls to be constructed were se-
lected for instrumentation. One critical section on
each of these walls was instrumented in detail (Fig-
ures 3 and 4). Station 383+60 for wall 1 (instrument
location 1) combined a hiqh groundwater table and
possible seepage problems. The maximum height of the
wall was 14 ft. Station 399430 tor wall 3 (instru-
ment location 2) represented the highest wall sec-
tion at 16 ft.

Strain gauges, pressure cells, reference monu-
ments, plumb points, and open standpipe piezometers
were installed as shown in Figure 3. Steel inspec-
tion rods (W7 bars) werce also installed to monitor
corrosion rate. Two Ailtech weldable SG129 strain
gauges were installed on the steel bar-mats at each
strain gauge location as shown in Figure 2. Three
levels of instrumentation (A, B, and C) were in-
stalled at both wall instrumentation 1locations to
determine anchor bolt and bar-mat stresses (see Fig-
ure 3).

One Carlson stress meter was installed behind the
concrete wall face at each bar-mat level to monitor
lateral soil pressure. Vertical and lateral wall
movements were monitored by reference points on the
top and on the face of each wall and on the toe but-
tress. All instrumentation was monitored during and
after construction at scheduled intervals.

WALL PERFORMANCE

Reinforcement Stresses

Strecces determined from strain gauge measurements
are presented in Fiqures 5 and 6 for the completed
walls at instrument locations 1 and 2, respectively,
after pavement placement on November 24, 1982, and 6
months after construction on May 19, 1983, Anchor
bar stresses are shown for strain gauge measurements
0.5 £t back from the face. All other points on Fig-
ures 5 and 6 represent bar-mat stresses in the W7
bars. The highest bar-mat stresses were recorded in

O—0 AFTER PAVEMENT PLACEMENT
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level B for both walls. These stresses are consider-
ably less than the design working stress of 24 ksi.
The bar-mat stress patterns are relatively uniform
at each level and conform to stress results found
with other MSE walls, wnich show no significant peak
stresses (5). The higher stresses at level B prob-
ably reflect some consolidation of the fine-qrained
backfill soil within the reinforced-soil block.

Soil Pressure Against Concrete Wall Face

Lateral soil pressure on the wall face as determined
from pressure cell measurements is shown in Figures
7 and 8 for locations 1 and 2, respectively. The
higher lateral pressures at level B, location 1, are
consistent with the higher bar-mat stresses (Figure
5). The exception is the first pressure reading
after 1.5 ft of overburden, which shows overregis-
tration, possibly due to excessive compaction near
the wall face. Subsequent readings show pressure
relaxation with additional £ill placement. These
lateral pressures are somewhat confirmed by Figures
9 and 10, which present, for comparison, the theo-
retical wall pressures determined from actual anchor
bar stresses (0.5 ft from the face) during backfill-
ing. These wall pressures were determined by dis-
tributing the average tensile force on each 3/4-in.-
dlameter anchor bar over the contributing area of
the concrete face panel. Since four anchof bai Con—
nectors attach per panel, the contributing area is 2
ft high by 12.5 ft long divided by 4, which equals
6.25 ft?. The magnitudes of pressure are not com-
parable in all cases because of possible overstress-
ing of the pressure cells during compaction opera-
tions near the face, that is, levels A and B for
location 1. However, these data provide information
on the coefficient of earth pressure during the
early stages of construction.

A significant reduction in lateral pressure was
noted for the lower portion of both walls due in
part to the contractor's method of operation. The
permeable dralnage blanket shown behind the rein-
forced soil block in Figure 3 would normally be
placed concurrent with the wall backfill, The con-
tractor opted to place the lower portion of the ver-
tical blanket concurrent with the wall backfill,
cover the permeable material and filter fabric with
plywood sheeting, and continue the construction of
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strain gauge measurements at location 1.

or o LEVEL A
O LEVEL B
o o a LEVEL C
2 -
o A
& v"*‘c#
= e
w # o
u ot
'S
[}
z
w o]
o gl
c 8 BEST FIT
3 Ka =047
e a]
> 8t
) o
10f
.
RE"h“hT!UN
12 L L L i 1 ]
0 1 2 3 4 5 6

THEORETICAL WALL PRESSURE-PSI
(FROM STEEL STRESSES)

FIGURE 10 Soil pressure on wall face from
strain gauge measurements at location 2.

61



inn

62

the wall. When the top of wall was reached, a ver-
tical trench was excavated down to the plywood. The
plywood was removed, filter fabric was placed on the
trench walls, and permeable material was placed
(Figqura 11} _

The steel bar-mat stresses in Fiqures 5 and 6
show an increasing trend in tensile stress near the
rear of the reinforced-soil block (8 and 12 ft back
from wall face) after 6 months. This could be the
result of soil creep of the reinforced-soil block
toward the permeable material in the trench, which
received a lower compactive effort than the rein-
forced-soil fill.

L 4 4 L e
FIGURE 11 Placement of filter fabric and permeable material in
vertical trench,

The two wall locations are evidently readjusting
to these stress conditions as indicated by both soil
pressure and steel stress relaxation. However, a
reasonable approximation of earth pressure distribu-
tion with depth can be determined for location 2 by
using both pressure cell readings for level A (Fig-
ure 8) and theoretical pressures {Figure 10). Lines
nf hest fit for these data snggest ecoefficienta of
assumed active pressure (Ka) equivalent to 0.50 and
0.47 for Fiqures 8 and 10, respectively. These
values are somewhat less than the conservative value
of 0,70 used for design.

The foreqoing analysis is considered preliminary
because some stress adjustment will continue to oc-
cur within the reinforced-soil system as a result of
the vertical trench excavation., This will be deter-
mined from additional instrumentation monitoring.

Lateral and Vertical Wall Movement

The results of monitoring lateral and vertical ref-
erence points indicate no significant wall deforma-
tions since completion of construction. After one
winter season, which provided near-record rainfall,
the walls are performing satisfactorily.
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FIELD PULLOUT TESTS

Dummy bar-mats were installed at various depths in

wall 3 (near instrument location 2) during its con-
strnction. These mats were nlaced in the hackfill

and extended beyond the facing as shown in Figures
12 and 13 at five levels between stations 358+97 and

FIGURF 12 Typical dummy bhar-mat (three transverse bars) placed
in backfill during construction.

.
i : .
> y

FIGURE 13 Front face of wall at instrument location 2 (wall 3)
with dummy bar-mats extending from face.
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399+22, The dummy bar-mat confiqurations consisted
of three longitudinal bars and one, two, or three
transverse bars to form a 6 x 24-in. grid (Figqure
14). The outer 6 ft 2 in. of the longitudinal bars
was equipped with greased sleeves to prevent soil
bond. The mats extended a maximum of 10 ft 8 in.
back from the front face of the wall with overburden
heights of 4, 6, 8, 10, and 12 ft for each of the
three bar-mat configurations. The object was to
develop pullout information on the relative effect
of individual transverse bars at various overburden
pressures and then relate it to laboratory pullout
test results.

Field pullout testing was performed during June
1983 by attaching a hydraulic jack and load cell and
applying load to the face through a timber frame as
shown in Figure 15. Loading continued until 8 in. of
extension or failure occurred.

%"9¢% "8 PvC FRONT FACE
GREASED SLEEVE—\\ ( OF WALL
|
L

6"x 24" (W7-W7)
/f{

E

v

DUMMY BAR-MATS FOR FIELD TEST

FRONT FACE OF TEST BOX\

6" x 24" (W7-w7
&S !
= |

e

LABORATORY TEST MATS

Loy mom—

—ei]

FIGURE 14 Bar-mat configurations for laboratory and field
tests.

FIGURE 15 Apparatus for conducting field pullout tests.
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A comparison of test results 1s reported here for
the 6~ and 10-ft overburden heights 1n Figures 16
and 17, respectively, with one, two, and three
transverse bars. In these figures the first number
on the curve represents the number of transverse
bars. The second number represents the overburden
height in feet. These results confirm previously re-
ported laboratory tests that suggest that almost all
of the total pullout resistance of grid-type rein-
forcement is mobilized by the transverse bars (3).

A comparison of field pullout resistance for the
five different overburden heights is shown in Figure
18 for the dummy bar-mats with three transverse
bars. The peak pullout loads are quite variable and
are not consistent with theory, that is, that there
is 1increasing pullout with increased overburden.
This inconsistency is due partially to strength var-
iabllity of the low-quality backfill resulting from
the moisture regime within the reinforced mass.

Undisturbed soill sample tubes were obtained just
before pullout testing from borings made 10 ft back
from the wall face near the position of the dummy
bar-mats. Field density, moisture content, plastic-
ity index, and the results of laboratory triaxial
tests are shown in Table 6.

A series of laboratory strain controlled pullout
tests were performed in November 1983 with the same
bar-mat configurations as those of the field dummy
bar-mats (see Figure 14). This work provides a di-
rect relationship between laboratory and field pull-
out tests.

20 -

15

10

PULLOUT FORCE-KIPS

% FIRST NUMBER DENOTES
NUMBER OF TRANSVERSAL
BARS. SECOND NUMBER DE -
NOTES OVERBURDEN HEIGHT
(FEET)

t 1 3 1 " 1 " 1 ]
0 2 4 6 8 10

MOVEMENT-INCHES

FIGURE 16 Field pullout resistance of dummy bar-
mats at 6 ft overburden.
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FIGURE 18 Field pullout resistance of dummy bar-
mats with variable overburden.

TABLE 6 In Situ Properties of Undisturbed Field Soil Samples from Location 2 (Wall 3)

Station 398+97

Station 399+10 Station 399+22

Property B1-1C B14C BI1-5D B2-1C B2-3B B2-5B B3-1C B3-3D B34C
Depth? (ft) 4 12 14 4 8 13 3 11 15
Type of test CU CU uu CuU Cu uu CU Ccu uu
Angle of internal friction

¢ (degrees) 34 34 21 34 28 19 34 26 18
Cohesion ¢ (psf) 1,300 1,000 700 2,000 1,800 950 1,000 1,200 900
Plasticity index PI (%) 2 3 3 - 5 2 - 1 1
Field wet density (pcf) 124 122 118 125 120 116 1144 122 119
Field moisture content

(%) 21.6 10.2 18.6 19.3 29.2 255 24.2 22:2 26.1

Note* UU =unconsnlidated undrained; CU = consolidated undrained; B1-1C, etc, = gample numbers,

4Depth below finished grade 10 ft back from wall face.

Backfill for the laboratory tests was obtained
from the borrow site for wall 3 (location 2) during
its construction. Laboratory pullout specimens were
fabricated with the same field moisture content and
were compacted to the field densities shown in Table
4. The procedure for all tests was similar to that
described by Chang et al. (1).

A comparison of laboratory and field pullout
tests with one, two, and three transverse bars at 8
ft of overburden is presented in Fiqure 19. The
field tests in all cases provided pullout results in
excess of those produced in the laboratory under the
same backfill conditions.

The field test with thrée transverse bars pro-
duced a pullout resistance value at 1 in. movement
(strain) that was more than twice the laboratory

value. This result is also shown in Figure 19 for
the configurations with one and two transverse bars.
The peak field pullout resistance also shows a simi-
lar trend.

The maximum bar-mat stress (opay) determined
from strain gauge measurements in wall 3 (location
2) was about 8 ksi at level B (Figure 6). For three
longitudinal bars equivalent to the field dummy bar-
mats (Figure 14), the maximum observed tensile load
(T) per bar-mat was

L = o (3) (area of W7 bar),
T = 8 ksi (3) (0.07 in%?) = 1.68 kips.

Assuming a maximum field pullout resistance of 18
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FIGURE 19 Comparison of laboratory and field pullout tests with one, two,

and three transverse bars.

kips for three transverse bars (Figure 17), the
maximum observed tensile load per bar-mat was

(1.68 kips/18 kips) (100) or 9.3 percent of the
maximum developed pullout resistance.

The conservativeness of this particular wall design
is also illustrated by referring to the previous
section of this paper. A design value of 4 kips was
assumed for the original preliminary laboratory
pullout tests at 1 in. lateral movement. The bar-
mats for these tests were 2 ft wide by 4 ft long as
opposed to the laboratory test bar-mats (Figure 14)
used for the field test comparison (1 ft wide by 4
ft long) with W7 bars on a 6 x 24-in. grid. An
equivalent initial design value of 2 kips is shown
for comparison in Figure 19 with the dummy bar-mat
confiqguration for three transverse bars, These re-
sults indicate considerable conservativeness. How-
ever, the backfill material used for the initial
tests is more representative of the materials ac-
tually placed for wall 1 (location 1) rather than
for wall 3 (location 2).

These pullout tests conclusively illustrate the
conservativeness of using laboratory pullout test
values for design. The lower laboratory values are
due in part to the free face test condition as op-
posed to the restraint provided by the concrete face
panels in the field test.

CONCLUSIONS

1. This project illustrates that mesh-type earth
reinforcement systems when properly designed and
constructed can function satisfactorily with low-
quality backfill.

2, The design criteria used for low-quality
backfill on this project were conservative.

3. Laboratory pullout tests provide a conserva-
tive approximation of actual pullout resistance of
mesh or bar-mat reinforcement,

4. Pullout resistance of mesh-type earth rein-
forcement in poor-quality soil does not necessarily
increase with depth as it does with good-quality
backfill.

5. The transverse bars are the major contribu-
tor to pullout resistance.

6. Mesh-type earthwork reinforcement systems of-
fer considerable savings in wall construction costs
by using on-site materials considered unsuitable for
backfill construction.
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