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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 logging. 
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 levels. 
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 piezometric 
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.14-2) 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 
km2 ) covers a large portion of central Idaho (Fig
ure 1). 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 f.low 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 
along this surface. Infrequent large 
storms, sometimes coupled with snowmelt, 
generate subsurface flows in the area. 

downslope 
cyclonic 

may also 

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 (]). 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 
deep 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 regulating slope stability (4-6). 
Thus, slope stability may decrease in response - to 
increaseu subsurface f.low af.ter logging. Loss of 
root strength after logging also contributes to in
creased landslide activity (71819,pp.343-361). The 
combination of increased depth-of the saturated soil 
zone and reduced root strength following forest re-
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moval may well have a synergistic effect that fur
ther accelerates landslide activity following log
q ing in mountainous areas (10). Megahan et al. 
(ll,pp.226-239) found that landslide activity is 
acc~l~rat8d following timber ramnu~, in the m,:,un
tains of Idaho. Although root strength changes fol
lowing timber removal have been documented, the 
effects of timber removal on piezometr ic 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 ycnr after the l()(Jging, 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 O. 97 ha (watershed 
1) and o. 32 ha (watershed 4) in 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 is classified as Doug
las fir (Pseudotsuga menziesii [Mirb. J Franco) and 
Ninebark (Physocarpus malvaceus [Greene] Kuntze) 
(12). Tree cover consisted of a mature stand of pon
derosa pine (Pinus ponderosa Laws.) averaging 65 cm 
in diameter at breast height (d.b,h,) and lesser 
amounts of second-growth Douglas fir averaqinq 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 soil 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 ia bnocd primarily on case of 
excavation. The saturated hydraulic conductivity of 
the subsurface flow zone (primarily the C horizon) 
averages about 0.95 cm min- 1 (unpublished data), 
whereas the saturated hydraulic conductivity of bed
rock similar to that on the study area averages only 
about O. 007 cm min· 1 (14). 

Annual precipitati~ 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 
content. Transpiration d1_1ring the subsequent winter 
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 logging on 
snow accumulation and melt rates alone. Under the 
original study design, the 1974 and 1975 spring 
snowmel t responses would have included the effects 
of changes in snow accumulation and melt plus 
changea in evapotran~pir~tinn. 

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

The following summer was hot and dry. On August 
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 - 1 on the clear-cut watershed and 22 tons 
ha· 1 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. 

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 m2 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 piezometers were located in 
suspected water-accumulation areas in each water
shed, 14 in watershed 1 and 11 in watershed 4 
(Figure 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. 
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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, is shown in Figure 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 
t he l ogged wat ershed. Piezome ter 5 (tot a l soil depth 
o f 0. 91 m) was selec t ed because it consistently had 
the highest l evels reJ.ative t o soil dep th of all pi
ezometers s ampled and thus was the most p robable 
point of slope failure (assuming homogeneous cond i 
tions throughout). The period shown in Figure 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. ?. days. Unlike in oontinuouo 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 
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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 add it ion, snow lysimeter data are expen
sive and ex is t at only a few spec i-alized r esearch 
sites. However, snow survey data giving the total 
water equivalent for the snowpack are common at many 
locat ions 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 d isappearance of the s nowpack (called 
abla tion) are not equi valent to data obta ined from a 
snow lysimeter because it is impossible to account 
for evaporation and drai nage of rainwater . In spite 
of t hese limitations, s now 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 a1ong with mean daily 
piezometric levels for piezometer 5 on the l ogged 
watershed . Spring 1972 was typica l of the pat terns 
of snow ablation a nd ·piezometric rises on the study 
watersheds . Relatively slow melt early in t he season 
( t otaling 250 llll1I by May 2) helped build up soil 
moisture l e ve l s . Average rates accelerated in early 
May, allowing for a relatively rap id inc rease in 
piezometric levels . Peak leve l s occ urred on May 8 
about 4 days after the occurrence of the peak abla
tion rate . Although mean daily a blat ion r a t es a re 
more c l osely correlated t o p i ezometr ic response than 
were i nstantaneous s nowmelt outflow rates, ablation 
rates still do not p rovide a good pred iction of peak 
piezometric rise, again because of s oil moisture 
storage effects. 

A more gross averaqe of snowmelt, consisting of 
average snow ablation rate for the entire snowmelt 
season, was used to better account f o r sto r aqe 
effec ts . These va l ues provi ded much better predic
tions o f both max imum a nd a veraqe piezomet r ic levels 
relative to soi l depth on both wat ershed s (F iqure 
4). The maximum value is f o r t he i ndividua l piezom
e ter with t he greatest 1evel at the time of peak 
response. This was piezometer 5 on t he loqqed wa t e r 
shed 1 and piezometer 3 (t otal soi l dept h 1.12 m) on 
t he unl oqged watershed 4 . The ave r age 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 2 -values (ranging from o. 90 to 
0.95) are relatively high; thus piezometric rise is 
closely associated 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 Figure 4 for 
watershed 1 compared with those for watershed 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
r ic levels rise to the soil surface. This almost 
occurred in this study in 19i5 when cne relativ'1: 
water level reached O. 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 postloqqing decay of tree roots, increased 
levels can seriously increase landslides. In fact, 
some small mass failures did occur on the logged 
watershed during this study (10). 

Snow Accumulation 

Table l shows the annual average levels of snow
water equivalent for the study watersheds. Each 
annual average rei,,rel!ents 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 
1972° 396 348 +48 NSD 
1973b 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. 

~Waterl hed 1 clear-cut in November. 
Both Wo\lcrsheds burned in August. 
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shed l and l 7 sites on watershed 4, Annual group 
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 (99 percent lev'1:li 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~n each individual water
llhl!:!ll I.Jy compadng 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 logging effect is apparent foe watershed l 
as indicated by the distinct change in slope in 
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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 i n 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.246-252118119). Golding and 
Swans on (19) found that average maximum snowpack
wat er equivalent on forest stands in ~l berta, 
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 t hat 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, (bl 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 spite 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 year: 1970, 
1971, and 1972. In 1973, clear-cutting increased 
ablation rates (99 percent level) on the logged 
watershed an average of 2.5 mm day- 1 compared with 
those on the unl ogged wate rshed. Afte r the wildfire, 
the rates on the clear-cut watershed still averaged 
2. 3 and 2. 8 mm day- 1 greater ( 99 percent level) 
than rates on t he uncut watershed in 1974 and 1975, 
respectively. Rates on the clear-cut watershed in
creased an ave r age of 30 percent f or the 3 yeai.-s 
following both logging and burning. Ther-e is no way 
to evaluate the effects of the fire on snowmelt 
rates on the unlogged 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 Dis tribution 

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
atratva 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 

February 25, 1972 

n • 32 

mean~ 394 mm 

FIGURE 7 Snow distribution on clear-cut watershed 
before logging. 
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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 dritt 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 8) • 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 piezometers 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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February 15, 1'174 

n • 32 

mean'" 422 mm 

March 15, 1'174 
lpeak dalel 

n - 31 

mean., S79 mm 

FIGURE 9 Sriow distribution on clear-cut watershed 
after logging and burning. 

water 

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 leading to localized 
increases in piezometric levels and accompanying 
chances for slope failure. 
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Effects of Vegetative Remova l 

The regression relationship shown in Figure 4 can be 
used to estimate the effects of logging on peak pi
ezometric rise becaus e logging caused s tatist i cally 
significant increa s es 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- 1 for the 
postloqging 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 loqqed 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~itted 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 wat ershed before and aft er 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
r ic 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 O. 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. 
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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 p iezometric responses 
during snowmel t by increasing tot a l 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 burn i ng effects as well, but these 
were minimal compared with the logging 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
c rea sed max i mum l e vels by 41 perc ent a nd average 
l e ve l s by 68 percent . A probab ility a nalysis of 
annual ma,c i mum levels suggest.a t hat their f requency 
was increa s e d up to 10 time s by timbe r remova l. 
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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
slides in the northern Rocky Mountains 
occur in the winter and early spring when 
access is limited . The Forest Service, U.S. 
Department of Agriculture, is developing 
instrumentation for monitoring groundwater 
under these conditions. The system operates 
unattended under extreme weather conditions 
for 9 months, powered by rechargeable bat
teries I stores groundwater data on solid
state integrated-circuit storage modules 
that can be read directly into a host com
puter for data processing I 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, little 
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 is 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 
yield 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 drainage barrier where it is concentrated, 
forms a phreatic surface, and migrates alonq 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 residual soil or bed
rock, in residual subsoil overlying less weathered 
bedrock, in glacial out wash 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 

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 
recha rgeable 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 s cheme. The feas ibili ty study is near comple
tion and sufficient data have been gathered to 
compile this progress report. To test the instrumen
tat ion under actua l condi tions and the f easibili ty 
of developing groundwater r ise i n response t o p re
cipita t i on models , groundwa ter has been moni to red 
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 ~h<1t site. For snow, it io 
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 
g roundwater recharge. Two precipitation-monitoring 
devices to provide these data are being tested 
(Figure 1): 
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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 e i ther have been or 
can be corrected. Sufficient progress has been made 
and sufficient useful data are available 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: 

1. 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, max imum, and average 
of these 30- mi n readings are dete rmined . 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 instr uments can be easily changed to 
shorter sensing and record ing i nt e r va l s f or more 
intensive mon i tor i ng of peak c onditions (when access 
permits). Optional short-term modes are summarized 
in Table 1. 

5. Data from the DSM can be read directly into a 
COl!\puter (t hrough a reader ) for per111anent storage on 
magnetic tape and f or printing . Once on pe rmanent 
file the da t a can be reduced, plo tted, and so fo rth, 
through the computer wi t h appropriate s oftware. 

6. The system is relat i ve l y i nexpensive . Cost of 
inst rumentation (1982 prices), not i nclud i ng dri ll
ing observation wells and i ns t alling prec ipitation 
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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FIGURE 1 Precipitation station. 

TABLE 1 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 85 .3 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 readjngs at sensing 
intervals. 
8 DSM capa city = 2,047 data regist ers. 

are enclosed in a watertight electrical case that is 
12 x 12 x 6 in. and 37 lb (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 1 the manufacturers 
and brands listed were not necessarily the only o,,es 
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. 
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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 
"system 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 contr olled by the s tor
age capac i ty of the DSM and va r ies 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 Ci rcuitry 

The signal-conditioning circuitry 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. 

11 

will be available in a technical report in the near 
future. Material s costs are summa rized in Tabl e 2. 
Using a printed circui t board, an electronics tech
nician can assemble tbe un i t i n about a day and a 
half. 

sensor {Press ure Transducer) 

power dra in to about 2 min per sampling interval ( 1 
min be fore sampling and 1 min after). All cri tical 
components have low thermal coefficients to ensure 
a ccuracy over a wide temperature range. Re·f ere nce 
and scal e o f t he output voltage are adjustable to 
allow c a l i br ation o f the s ensor output to the 
recorder in e i ther of the follow i ng opt ional modes: 

A solid-state differential pressure transducer 
placed at the bott om of t he observation well (or 
precipi t ation reservoir tank) s e nses t he weig ht of 
the liquid a bove i t . Silicon- diaphragm gauge-type 
transducers are be ing t ested t ha t have one port ( t he 
front of the diaphragm) open to the wate r and 
another port ( the back of the diaphragm) vented to 
the surface to nullify the effects of variations in 
atmospheric pressure. These s ilicon-diaphragm tra ns
ducers are available · from seve r al manufacturers and 
come in a variety of pressure ranges and accuracy 
ranges, with or wi thout tempe r ature-compe nsating 
thermis tors, a vari ety of mechanical conf igurations, 
a nd a varie t y of price ranges , Unfortunately, none 
a re made wi t h a mechanical configu ra t i on desi gned 
for this purpose, that i s, economical installation 
under water in a 1.5-in. r.o. 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 i nitiall y at 
all trial field applications and proved s atisfactory 
in t e rms of cost, accuracy, and so on, f or ground
water monitoring. However, extensive problems were 
encount ered with the mec ha nical configuration in 
leakage a nd failu re by saturation t hrough the atmo
sphe r i c vent por t or by galvanic degrada tion. The 
transducer ref erred t o as type B, although mor e 
expensive, has the best mechanical conf igur ation 
because it i s factory enclosed and the atmospher i c 
port is vented to the surface through a second tube, 
greatly reduc i ng 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 

1. Depth f rom the top of the obs ervati on well to 
the water level (as used in groundwate r monitoring 
to be in t be same .format a s manual water-level 
measurements) and 

2. He i ght of water level above the sensor ( as 
used in the precip itation gauges to monitor accumu
lated precipita tion), 

This circuitry was developed by the Forest Service 
and is not yet commercially availabl e. Schematics, 
printed circuit diagram, material s list, and so on, 

TABLE 2 Summary of Instrumentation Components 

Major 
Component 

Data logger 

Signal-conditioning 
circuitry 

Battery 

Sensors (pressure 
transducer only) 

Type A 

Type B 

TypeC 

3 For components. 

Manufacturer 

Omnidata 
International, 
Logan, Utah 

Assembled by 
Forest Service 

Several 

MicroSwitch, 
Freeport, Ill. 

Foxboro/LC.T., 
San Jose, Calif. 

Foxboro/1.C.T., 
San Jose, Calif. 

Description 

Datapod model 212S 
One or two channels 
Accuracy: 0.5 percent of full scale 
Power: eight internal AA alkaline batteries 
Operating life: 9-12 months 
One or two channels 
Current consumption: standby, < 0. 15 mA; lo~d. 5.5 mA 
Au tomatic zero am11Iifiers for temperature stnbiUly 
Scaled gelled electrolyte, 12-V. 23·A·hr 
Weight: 19 lb 
Size: 6.5 x 6.75 x 5.5 in . 

Model 135PC05G2 
Range : pressure, 0-5 psi; height of water, 0-12 ft 
Accuracy: ±J .5 percent 
Not factory enclosed 
Not temperature compensated 
Model 1700 
Rang~: pressure, 0-10 psi; height of water, 0-23 ft 
Accuracy : ±0 .5 percent 
Factory enclosed 
Not temperature compensated 
Model 2170 
Range: pressure, 0-15 psi; height of water, 0-35 ft 
Accuracy: ±0.25 percent 
Nul faclury enclosed 
Not temperature compensated 

Approx. 
Cost ($1982) 

745 

250• 

90 

40 

160 (?) 

90 
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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 installations to test the instrumentation 
under actual conditions have been made over the past 
t.wo field seasons and new installations are continu
ing to be made in conjunction with current landslide 
stabilization 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 
1'.-frame mast and motorized cathead were used with 
standard penetration test (SPT) equipment [140-lb 
hammer, AW rod, and 2-in. o.o. split-spoon sampler 
(ASTM D 1586) J. The drillinq 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 variety of geologic materials sum-

marized previously. Tills method has the added ad\ran
tages of pcoviding cont'inuous 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-
8t.~11ation 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.O., 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, it counteracts buoyancy and holds the sensor 
in place at the bottom of the observation well as 
the groundwater rises. 

There is sufficient clearance between the o. 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). 

Preclpitation Gauges 

Figure 1 shows a typical field installation of the 
precipitation gauges used in this project. Each was 
charged lni.tially 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 oi l 
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
cau.se 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 fluctuat i ons between 
mini mum 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 lysimeter installa
tions rendered the first season's data useless. The 
catch basin was designed l ic 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 l 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 o f the 55-gal 
capacity. 

PRACTICAL APPLICATIONS 

The practical applica.tions of long-term groundwater 
monitoring are numerous. The follow'inq discussion 
(based on interpretat i on 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 compos ite plot of hydroqraphs 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 O. 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 is usually in the form of rain on 
snow. Lysimeter data, when the monitoring technique 
is perfected, will help to explain this recharge 
phenomenon. Some preli minary 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 o f landslide occurrence. 

Landslide Correction 

Figure 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 scai-p 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 levels apparently triggering 
addit i onal 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- 1 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. 
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Forecasting Groundwater Levels: A Stochastic Procedure 
SiV AjOGi D. KOPPULA 

ABSTRACT 

In many existing and potential landslides, 
groundwater is a ml'ljnr f11r.t:or contributing 
to the reduction in soil strength and sub
sequent movement. One prerequisite for 
evaluation and effective implementation for 
remedial measures in landslide manaqement 
is the prior knowledge of temporal varia
tion of groundwater levels, 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 yield results satisfactory for 
planning needs. By considerinq 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 fittinq an 
exponentially weighted movina averaqe 
(EWMA). The EWMA forecasts and those from 
the Box-Jenkins stochastic procedure are 
used for comparison with observed values. 
It is shown that both EWMA and Box-Jenkins 
forecasts are statistically indistinguish
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 ii! defined as that part of the coil
water system that is free to move from point to 
point under the influence of qravity. 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 (l,pp.65-82). The problems associated with ex
cessi~ 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 
niRtrihntinn 1HP. wP-11 understood, but the inherent 
nonhomoqeneous 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 latter tech
niques depend entirely on hydrometeroloqical 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 CJ). - -

The purpose of this study is 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 (_~,pp.153-159). 

EWMA METHOD 

Let dl' d2' ••• , dt-l • dt be the depths to 
the water table measured at equal intervals of time. 
To estimate the depth to Athe water table (dt+1> at 

time (t+l), the estimate (dt+i> may be obtained as a 
weighted sum of the past observations: that is, 

(1) 

in which w0 , w1 , w2 , •.• 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 progressively less 
weight to observations further in the past. An intu
itively appealing set of weiqhts are those that de
crease in geometric progression (1). Equation 1 may 
then be expressed as 
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( 2) 

in which >. is called a smoothing constant and lies 
in the range of O < >. < 1. Equation 2 implies an in
finite number of past observations that are required 

to estimate dt+l i in practice, ho we ve r, only a finite 
number of o bservations are ava ilable . Let Equation 2 
be expressed in the following form: 

).dt + (1 - >.)J>-dt-1 + >.(l - >.)dt-2 + ••• ] 

).dt + (1 - >.ldt (3) 

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

(4) 

in which et is the error in estimati ng 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 
l: e• 

i=l i 

is calculated. This computation is repeated for 
several values of ). in the ranqe 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 (.1) has generalized the fo regoing method 
to deal with time series that contain trend and sea
sonal variations. Let Mt be the estimated current 
mean, Tt be the estimated trend (i.e., the ex
pected change in c u rrent mean), and St be the 
estimated seasonal factor in period t. As each set 
of new observations becomes available, the terms 
Mt, Tt, and St 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 o bservations, 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 Mt and 
St in an additive seaso nal effect are as follows: 

o!dt - St-sl + (1 - a) !Mt-1 + Tt-1> 

B!dt - Mt) + (l - B)St-s 

(5a) 

(5b) 

in which a and B are the smoothing constants with 
0 < a < 1 and O < 8 < 1 ands 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: 

(6a) 

(6b) 

The updating equation for the current trend term in 
both the Reasonal effect& is 

0 < y < 1 (7) 

The forecast dt+h for time (t + h) is given by the 
following: 
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h=l,2, ••• ,s (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 = to, a solution can be obtained fort > to 
and is uniquely determi ned by Equation 8. The start
ing values of Mt, St, and Tt for this iterative pro
cess may be calculated from the initial observations 
of the time series; that is, 

2s 
M2 "' L (dt/S) 

t=s+l 

and 

i=l,2, ••• ,s (9) 

For example , for mont hly groundwater da.ta the fi r st 
( 2s=) 24 obse r vations a re used t o cal culat e M1 , M2 , 
Ti , S1, Si, .•• , 812• 

The t hree s moothing c onstants a , B, a nd y are 
varied i n the r a ng e of zero and un ity , a nd t he quan 
t ity Ee ' i s compu ted. The set of values for 
(o, B,y) correspond i ng t o t he minimum o f t he com

pu ted i:e 1 is t he optimum set for ( o. , B, y ) , whi ch is 
used in upda t i ng the e q uations f or Mt , S t, and Tt , 
wh ich in t u c n ar e substi tu ted in Equation 8 t o es
timate dt+h for the hocizon 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 
s mall o r e ven zero , because t here i s no use cha ng ing 
t he o riginal and still accurate estima te. I n o ther 
t ime s e ries t here may exist s ubstantial d rift , in 
which case t wo possibil i ties may occ ur : (a ) little 
random effect will lead to large values for the 
smoot hing c onstant, weighting current estimates 
h eavily, a nd ( b l a large random effect will yield 
relat ively smaller values. 

DATA CHARACTERISTICS 

The a ve rage mo n t h ly water.-level dep ths in an o bser
vatio n well (Figure 1 ) are taken as the data f or 
this study. The depth t o t he water tabl e i s measure d 
bel ow a fi xe d i:-efere nce d a t um. The observation well 
c onsists. o f a 3 . 50-in. - diameter hole d rilled to a 
dep th of 210 f t below the ground s urface 1 the t o p 80 
f t is enclosed i n a 4 . 25-in. -diamete r stee l casinq. 
The gene r a l sequenc e o f soils c o nsists of bluish 
b rown medium-plas ticity c lay t o an approx imate depth 
o f 65 ft l y i ng over 65- f t - t hick greenish-bro wn high
plastici t y s hale , wh i c h is unde r lain by 8- ft - t h ick 
greyish-blue sandstone : the remainder of the bore 
hole consists of grey i sh-brown shale and siltstone. 

The average depths to the water table were 
recorded on the hydroqraphs 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 (cl2 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 1), A visual 
inspection of the plot suggests that the data have 
no fixed periodicity and do not exhibit any discern
ible trend, 

STUDY RESULTS 

The calculated values of mean squared error, 
t (actua l minus forecast) 2 /24, are presented in 
Tables 1 and 2 for a grid of values of the s moothing 
constants a, i3, and -,. . A coa:rsa qrid cf all 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 
te 2 , 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 re• is 
rather flat near its minimum. The grid of values for 
a, a, and y was further refined and the optimum 
set of the smoothing constants is a = O. 295, B = 
0.999, and y 0.026. The smoothing constant B 
associated with the seasonal var ation is large, in
dicating that seasonal adjus t ments are quite pro
nounced in the groundwa ter data. The smooth ing con
stant a corresponding to the current mean is 
small, suggesting that the mean values of the 
groundwater data require occasional updat i nq, The 
v alue for y is neglig ibly small; t hat is , the 
trend parameter needs slight o r 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 Figure 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 (j) applied the Box-Jenkins stochastic time
series method (_!!) to model a nd estimate the depths 
to groundwater. The Box-Jenkins. approach identifies 

96 112 128 144 160 176 192 

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 
(te/24), mean absolute error (tlel/24), and the 
mean squared error (te 2 /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 
rlel/24 and re 2 /24 are important because it is 
difficult to determine the consequences of forecast 
errnr", WhP,nev<1r t:h'l consequence or consequences 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 (_2,pp.15-25) define the ac
curacy of a set of forecasts F (t) based on the 
following: 

A(t) = a 0 + o 1F(t) 

where 

A(t) ~ the observation at time t, 
F(t) the corre~ponding forecast, and 

constants. 

If ao a O and a1 + 1, the forecast is sa id to be ac
curate . The constants a 0 and a 1 are determi ned by the 
applicat i on of linear least-squares regression to 
the actual observations for the period 1975-1976 and 
to the corresponding forecasts. By r egressinQ the 
actual observations the following equations were ob
tained: 

Actual= -3.14 + 1.18 EWMA R• 
SE 

Actual -0.27 + 1.02 Box-Jenkins 

50 percent 
0,16 

R2 

SE 
19 percent 
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 
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TABLE 1 Sum of Mean Squared Error: Coarse Grid 

A A 

0.0 0.2 o.4 0.6 o.e 1.0 0.0 0.2 0.4 0.6 a.a 1. 0 

a• 0. a •0.6 

a~o.o * * * * * * 8=0.0 18.91 52,55 45. 19 28.70 29.58 42. 17 

0.2 * * * * * 0.2 11.39 57. 94 63 . 12 27. 72 46.22 

o.4 * * * * * 0.4 9.86 39. 14 l': ;': 64.57 

o.6 87,65 87 .54 87. 46 87 .35 87. 15 as . 57 o.6 11. 41 12 .52 ;': 1: ,1 

0.8 41. 84 41. 79 41. 75 41. 70 41.61 40.87 a.a 13, 77 15. 15 ;': .. ;': ;': 

1.0 22.85 22.82 22.80 22. 77 22. 72 22.34 1. 0 14.91 37.53 ;': ;': :': * 

a= 0,2 a •0.8 
B•O.O 35, 36 37. 11 71. 48 * * ;': B=O.O 18.52 48. 32 43.07 38.66 42.91 48.27 

0.2 26.21 6. 71 10. 10 13.41 ;, ,, 0.2 14.49 53. 14 47,72 30.09 30,52 39.05 

0.4 22.41 s. 75 10.69 19,37 * * 0.4 11. 87 60.35 62.79 25. 77 20.81 31. so 

o.6 18.86 5,63 12.3b 33.21 ;': 0.6 10 .03 68.04 95.63 27 .20 23.95 30,70 
/ 

0.8 16.36 s.45 16.59 ,, ,, 0.8 8.82 73. 79 ;': 35,59 76, 70 28. 17 

I 1.0 14 .62 5.28 ,, 
* .. ~': 1.0 8.18 74.83 .. 60.18 * 

a• 0.4 a • 1.0 
B•D.O 20.80 57.93 ~o. 73 ~ * " B=D.O 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 

0.4 1).68 5.25a 36. q3 * ~ ,I 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 46.25 42.66 38.26 35. 14 29.37 

1.0 17,42 lb.SO * * * ,I 1. 0 18.43 46.25 42 .67 38,27 35. 15 29.38 

* The value Is larger than lxlo2 

• Minimum Ee
2 

TABLE 2 Sum of Mean Squared Error: Finer Grid 

A 

0.02 0,03 0.04 0.05 0.06 0.02 0. 03 0.04 0.05 0.06 
a =0.28 a •0.31 

B•O. 96 2.65 2. 18 2. 83 3. 34 3. 72 B=O. 96 2. 45 2.19 2.88 3.42 3.82 

0.97 2,63 2. 17 2. 81 3. 32 3.70 o. 97 2.44 2. !8 2. 86 3. 39 3, 79 

0.98 2.62 2. 17 2.80 3, 30 3.68 0.98 2. 43 2. 17 2. 84 3, 37 3. 77 

0, 99 2.60 2. 16 2.78 3.28 3,66 0.99 2. 44 2. 16 2. 83 3.35 3. 75 

1.00 2.61 2. 17 2.79 3. 29 3.67 1.00 2. 45 2. 17 2.84 3. 36 3.76 

a •D.29 a •O. 32 
B• O. 96 2.43 2. 18 2.83 3. 35 3.74 B=0.96 2.64 2.2 1 2.9 1 3. 46 3.88 

0.97 2. 42 2. 17 2.82 3,33 3, 72 0.97 2.63 2.20 2.90 3.44 3. 85 

0.98 2.40 2. 16 2.80 3. 32 3.70 0.98 2.63 2. 19 2.88 3. 42 3,83 

0.99 2. 38 2. 15a 2. 79 3,30 3.68 0.99 2.61 2. 17 2. 86 3.40 3. 80 

1.00 2.39 2. 16 2,79 3.30 3.69 1.00 2.63 2. 19 2.87 3. 39 3. 82 
a =D.30 

B•D.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 

I.OD 2.33 2. 17 2.81 3, 33 3, 73 

a Minimum Ee
2 
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FIGURE 2 Forecast comparison of groundwater levels. 

TABLE 3 Depth to Groundwater: Forecast Evaluation 

EWMA Method" 

Actual Estimated Error 
Date Observation Value (e) 

i975 
January 18.47 18.42 0.05 
February 18.25 18.45 -0.20 
March 18.30 18.41 -0 .11 
April 18.20 18.40 -0 .20 
May 18.10 18.20 -0.10 
June 18.20 18.41 -0.21 
July 18.22 18 .14 0.08 
August 18.43 18.40 0.03 
September 18.50 18.39 0.11 
October 18.77 18.45 0.32 
November 18.60 18.49 0.11 
n ... ,..,,.. ..... i..nr !~L6E ! S.55 0.!3 

1976 
January 18.63 18.71 -0 .08 
February 18.64 18.59 0.05 
March 18.69 18.68 0.01 
April 18.70 18.60 0.10 
May 18.77 18.52 0.25 
June 18.94 18.60 0.34 
July 18.80 18.47 0.33 
August 18.75 18.63 0.12 
September 18.53 18.61 -0.08 
October 18.52 18.58 -0.06 
November 18.45 18.52 -0.07 
Dece mber 18.38 18.40 -0.02 

•i:o/24 = 0.037S; E lel/24 = 0 . 1317; Ee 2/24 = 0.0265, 
bto/24 = 0.0812; Elel/24 = 0.1871; Ee 2/24 = 0.0467. 

le l 

0.05 
0.20 
0.11 
0.20 
0.10 
0.21 
0.08 
0.03 
0.11 
0.32 
0.11 
Q.13 

0.08 
0.05 
0.01 
0.10 
0.25 
0.34 
0.33 
0.12 
0.08 
0,06 
O.D7 
0.02 

-0.27 are not significantly different from zero. 
Thus the accuracy criterion defined by Mincer and 
Zarnowitz is satisfied by the two mathematical 
models. The Box-Jenkins method yields results that 
can explain only 19 percent, whereas EWMA forecast~ 
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 

Box-Jenkins Methodb 

Estimated Error 
~.2 Value (e) lei ~e2 

0.0025 18.61 -0.15 0.15 0.0225 
0.0400 18.50 -0.25 0.25 0.0625 
0.0121 18.48 -0 .18 0.18 0.0324 
0.0400 18.44 -0.24 U.24 0.0576 
0.0100 18.40 -0.30 0.30 0.0900 
0.0441 18 .35 -0.15 0.15 0.0225 
0.0064 18.20 0.02 0.02 0.0004 
0.0009 18.37 0.06 0.06 0.0036 
0.0121 18.38 0.12 0.12 0.0144 
0.1024 18.37 0.40 0.40 0.1600 
0.0121 18.38 0 .22 0.22 0.0484 
Q.0]6Q 18 40 n 28 0 28 0.0784 

0.0064 18.50 0.13 0.13 0.0169 
0.0025 18.51 0.13 0.13 0.0169 
0.0001 18.54 0.15 0.15 0.0225 
0.0100 18.53 0.17 0.17 0.0289 
0.0625 18.62 0.15 0.15 0.0225 
0.1156 18.59 0.35 0.35 0.1225 
0.1089 18.42 0.38 0.38 0.1444 
0.0144 18.40 0.35 0.35 0.1225 
0.0064 18.40 0.13 0.13 0.0169 
0.0036 18.42 0.10 0.10 0.0100 
0.0049 18.40 0.05 0.05 0.0025 
0.0004 18.35 0.03 0.03 0.0009 

those made by the Box-Jenkins method. It is shown 
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 strategic planning and design may be 
undertaken for remedial measures in landslide man
agement. 

The time-series analysis is 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 1n Road Cut Slopes 1n 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 
estimat@s of the recorded soil Buction. In 
addition, the variable importance of three
dimensional slope topography on soil suc
tion is identified. Failures logqed durinq 
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 desiqn 
and maintenance in tropical areas where 
only limited 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 (!) , 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 soils. More recently, Ho and Fredlund (1, 
pp. 263-295) were able to demonstrate with a sinqle 
triaxial test the increase in strength due to soil 
suction. In 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. Adequate surface protection 
in this context may be either vegetation or nchunamn 
protection as used in Honq Kong, 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 infrequently less 
than unity. However, this error in analysis does 
not have a unanimously agreed-on interpretation. 
Certain workers argue that the error is due to the 
neglect of the contribution of soil suction to shear 
strength, whereas others arque tl1at 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 ,bis the angle of internal friction 
with respect to matrix suction (],_i), 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 (j, 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 Hong Kong, as else
where in the tropics, there is the strong possibil
ity that suction provides a significant contribution 
to slope stability. In the Hong Kong study, it is 
of note that the residual volcanic soils with a per
meability greater than 5 x 10- 5 m s· 1 always ex
hibited suction during the reported period at depths 
rnmmonan,-:=i .. o ~;.-n prou-lnu.c: c::h~11nw f!;:1ilnr,::..ct_ 

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

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 earlier: 

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 
soil water propert:Les): 

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 variables 
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 gr°ouping 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 (l) have 
illustrated slide mechanics and geotechnical 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 soil-water conditions with the same 
prerequisite of 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 existing methods for predict
ing landslide risk for road alignments in the trop
ics. 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 1-bar ceramic pot buried at 
the selected depth. The transducer used was differ-
--L.!-, , ,nn .__ ''"'"'"' •~"-' t::ULJ.Q.L ,-J..uU LU TLUV r-..ra.1 • 

In addition, an automatic and continuously re
cording unit has been designed (Figure 1) • In this 
configuration, 22 sensors can be scanned by a scani
valve fluid switch, the output from which qoes 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 (!!) • The in-

FIGURE 1 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 (..!..Q) .J 

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. In Figure 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.g., Figure 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 Figure 6. These preliminary findings strongly 
suggested that a parsimonious statistical model 
could be established for soil water potential ('I') 

at 60-cm depth at the slope base as a function of 

SAINT LUCIA 

N 

1 
T 

Km 

FIGURE 2 Study site location. 
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rainfall and site characteristics (topography and 
permeability) • 

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 qualitative 
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 D1,i = l,q (q groups) are defined such that 
that Di is 1 for group i and O 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 

"'601 =a1 + ~ (a1-a1)D; +~1X1 + ~ ~1-~1)D;X1 
i=2 i=2 

where 

1, n, 
soil water potential at 60-cm depth, and 
intercept of the base group. 

(!) 

The g - 1 remaining (ai - a1) values are inter
preted as differences from this base group. The gra
dient values (ff1) are similarly interpreted. 

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

"'60 = -36.36 -9.99D1 -180.21D2 -109.69D3 + 57.53D4 + 0.56p 

r2 = 90.6 percent (2) 

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

Thus to predict '1'60 for sites 6, 8, and 9 (base 
group), o1 to D4 = 0 (Table 2), the equation reduces 
to 

"'60= -36.36 + 0 .56 p 

To predict , 60 for sites 4 and 5 (D 3 
the equation reduces to 

"'60 = -36.36 -109.69 + 0.56p + 0.65p 

(3) 

0) 

(4) 

In Figure 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 groups 
with characteristics differinq 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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TABLE 1 Site Material Properties 

Angle of 
Site Cut Slope 
No. Material (degrees) 

I Weathered andesite 54 
2 Strongly weathered andesite 48 
3 Strongly weathered andesite 60 
4 Strongly weathered andesite 60 
5 Strongly weathered andesite 41 
6 Strongly weathered andcsite 35 
7 Weathered andesitic breccia 55 
8 Weathered andesitic breccia 23 
9 Massive flow deposit 28 

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 in this manner are shown in 
Figure B, and the associated distribution of errors 
(o = 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
t ion 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 10-•: 
10-•, 5 x 10-• to 5 x 10-•: and 10-•, 9 x 10- 7 to 5 x 
10- 5 ) • 

For each permeability group, with 'I' 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, 

0 Field sites 

* Tropical autographic raingauge 

Liquid Plastic 
Purmcability Limit Limit Plasticity 
(cm s- 1) (%) (%) Index 

J.77 X J0-3 33 
J.80 X 10-3 40 
2.21 X J0-3 40 
J.25 X 10-4 52 44 8 
9.03 X JO-S 52 44 8 
5.0 X 10-4 56 48 8 
2.00 X 10-7 68 52 16 
2.5 X 10-S 68 52 16 
3.29 X JO-G 47 35 12 

downslope length (L), and slope angle (All 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: 

'1'=-165.78+0.75P+3.08C r2 =87 percent, n=47 (5) 

'II= -136.15 + 0.72P + l.69C r2 = 70 percent, n = 36 (6) 

'II= -31.83 + 0.45P + 0.54C r2 = 62 percent, n = 51 (7) 

It is clear that the effect of c on 'I' increases in 
the more permeable materials. By contrast, for ma
terial with permeability of 10-• cm s-• there 
are relatively smaller changes in 'I' for given 
changes in C. 

For a 150-mm storm in material of permeability 
l x 10- • cm s- 1 , C of +30 degrees (strongly con
cave) gives 'I'= +39 cm, whereas C of 30 degrees 
(convex) gives 'I'= -146 cm. Corresponding condi
tions for material of permeability l x 10-• cm 
s-• predict 'I'= +52 and +19 cm, respectively. 
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FIGURE 5 Site 2. 

25 

OCTOBER 1979 
25 27 29 11 13 15 17 19 21 23 25 27 29 

0 

E 20 
E 
c 40 

.2 
~ 

60 

-~ BO 0 
Q) 

a:. JOO 

12 

'J 
- 40 

- 80 

-110 

SITE 1 

E - 80 0 
SITE 2 

~ -120 
C: 
~ 
0 

160 
0. 

~ -200 
~ 

"' 3: -2 40 

g-280 

-40 

-eo 

-1.10 

-160 ' ' ' 
-200 

25cm depth 

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 chanqe 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 i is beinq 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 chanqes in slope topo
graphic elements (A and C) on soil water potential 
separately from similar changes in precipitation. 
Moreover, this analysis 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~. 

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 110-• cm s- 1 1 slope 
plan curvature exerts as great an effect on soil 
water potential (tC•P at 10- • cm s- 1 = 0.68) as pre
cipitation does (~P·C at 10-• om s- 1 ~ 0,63) and 

2. For less permeable material (1 x 10-• cm s- 1 ) 

the relative effect of slope plan curvature on soil 
water potential diminishes, whereas that of slope 
angle and p recipitation 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- 1) Topography Site Status 

1 1 X 10-3 Hollow I D1 =J;D2D3D4=0 
2 Ix 10-3 Straight 2,3 D2 = 2; D 1 D3 D4 = 0 
3 I X IO-~ Straight 4,5 D3 = J;D1D2D4 =O 
4 ] X I0-7 Straight 7 D4 = 1 ; D 1 D2 D3 = 0 
Base I x 10-4 Straight 6,8,9 D1 to D4 = 0 

Predicting Mean Annual F requency o f: 
Por.e-Wate r Pressure 

Having predicted the values of v 60 at the base 
of the nine cut slope s ites (Figures Band 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 
val ues of 'I' 60 cannot practically be obtained on 
a daily baah at all sites fnr 11 l 11rgP. 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 occu r rence of specific precipitation 
totals (e.g., 25, 50, 75, 125 mm). Figure 11 shows 
just such a relationship for the Barre de l'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 be tween da ily storm precipitation (Po) and 
v 60, then o f course the v 60 p rec ip i tat ion data can be 
routed th roug h the re lations hip in Fig ur e 10 to 
yiel d the mean a nnu a l frequency (F) of qiven '!' 60 
values . It has been shown that for total storm 
precipitation (P) and '!' 60 significant linear re
lationships exist for all sites (11), 

The estimation procedure 
and K is there·fore subject 
straints: 

for relating F, 
to two opposing 

'1' 60• 
con-

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

2. It may be unrealistic to expect too close an 
associatioo u~c.wt:t:11 all 1.¥60 and d~ily (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 is derived). A realistic way of determining 
the trend o f the '1'6o-Po relat i ons h ip for each 
site is to take va lues o f 'V 60 at, or c l ose to, 
the max i mum a nd min imum r ecorde d in a ssociat i on with 
24-hr antecedent precipitation (Po). Intermediate 
values of v60 may be e xpected to show greater 
fluctuation, depend i ng on s i g nificantly larqer a nte
cedent conditions. Qualitative examination of the 
time series of '1'6o-Po by Anderson (11) tor all 
sites suggests this to be a reasonable strategy; 
that is, highest and lowest o/60 and P0 are in 
close association and the expectation is that this 
association will hold irrespective of the conditions 
in excess of 24 hr before the '!' 60 reading. If 
this is accepted, extreme values of , 60 and P0 
can be used for each site and routed through the re
lationship of Figure 10 to provide an F-'I' 60 re
lationship for each site. 

A further point has to be noted here, which is 
that because the known F-Po relationship is for 
the Barre de l' Isle rain gauge (Fiqures 5 and 3) , 
individual site Po- va lues must be converted to the 
precipitation at t hat g auge 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 
l' Isle area; the site precipitation Po on the or-
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dinate is determined by the individual site calibra
tions to the main Barre de l'Isle rain qauge. 

With these constraints, data were obtained for 
sites 2-8 taking extreme values of "'60 toqether 
with the corresponding P0-value converted to the 
equivalent precipitation at the Barre de l'Isle 
site. This precipitation value was then routed 
through the followinq relationship (Figure 11) to 
provide a frequency value (Table 3, column 4): 

Log F = 1.699 -0.015Po (8) 

All 14 values were then subjected to a linear mul
tiple regression analysis employing "'60 and K to 
predict F. For the Barre de l'Isle sites, the rela
tionship was significant at the p = 0.01 level: 

F = -32.20 - 0.221¥ 60 - 8.79 Log K r = 0.98 (9) 

This relationship is graphed in Figure 12. Table 3 
(column 6) shows the errors from this relationship 
to be tolerably small with o • 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 
'I' (at 60-cm depth at the slope base). 

It is stressed that despite the obvious qoodness 
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 'l',;o-records at all 
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sites, such a method is seen as the only practical 
means of making an estimation of F for pore-pressure 
values. 

In addition to the Barre de l 'Isle site, the 
F-Po 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 '1'60 
under conditions of the F-P0 relationships per
taining at Marqu is : 

Log F = 1.721 - 0.02Pn (10) 

Thus, Figure 12 shows the estimates of F that result 
when the Marquis F-P0 relationship is applied to 
the '!' 60-P0 data found at Barre de l'Isle. Thus 
because for a given p0 , F is less at the Marquis 
site than at the Barre de l'ISle site, Fiqu:re 12 
shows that for given 'P 6o- and K-values, the mean 
frequency of occurrence of that 'I' 60-value is 
s ignificantly l ess at the Marquis s i te than at the 
Barre de l'Isle site; it is given as follows: 

F = -34.75 -0.231¥60 -8 .73 Log K (11) 

Thus, if we assume a spatial commonality of pore
water pressure response at the 11lope 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 '!'60 by establishing the spatial var
iation in F-Po relationships (Figure 10) only. 
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The procedure described and applied here is sum
marized diagrammatically in Figure 13. 

given storm precipitations. Figure 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. 

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 soil water potential 
control, it is 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 sufficient to specify soil 
water potential conditions [Equation 2 (11) J for 

These tentative failure-topography relationships 
are consistent with the results of the previous dis
cussion (Equations 5-7). For decreasing permeability 
the principal discrimination is 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 l'Isle 

Equivalent Site 
Precipitation at 

Site Barre de ! 'Isle Predicted 

29 

"'60 Frequency 
No. (cm water) Gauge (mm)" (days/ycar)b Frequency0 Errorsd 

2 - 17 100 1.5 13.4 - 11.1 
-275 3 45 .0 52.9 - 7.9 

3 - 45 55 7.4 1.1 + 6.3 
- 205 3 45.0 36.7 + 8.3 

4 - 2 100 1.5 2.7 - 1.2 
- 80 30 18.0 20.0 - 2.0 

5 + 5 45 10.0 2.3 + 7 .7 
- 166 3 45.0 40.2 + 4.8 

6 + 22 JOO 1.5 8.8 - 7.3 
- 77 13 32.0 30.8 + 1.2 

7 + 52 52 8.0 15.1 - 7.1 
+ 13 15 29.0 23 .8 + 5.2 

8 + 35 52 8.0 9.3 - 1.3 
- 30 15 29 .0 23 .8 + 5.2 

8 Figures 2 and 3, 
bEq uation 3, Figure 11, 
CEq uation 9 . 
dN = 14; x = 0 .06; a = 6.46. 

given angle. Strength values shown in Figure 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). Mi ch i gan val ues i n e xcess o f 1 0 correspond to 
strengths greate r tha n 4. 0 kq c m- 1 (hard cons is
tency) 1 thos e of 5 t o 10 cor res pond t o strengths in 
t he range 2-4 l<q c m· 1 (stif f consis tency) • 

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 Figures 
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 sugqest broad clay mineralogy con
trols on a range of l a ndslide 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 degree of activity in road 
maintenance as well as new construction. Despite 
this, there are relatively few available methods to 
a id the engineer in terms of route planninq and 
maintenance. One such method, that of terrain clas
sification, has proved successful to a limited 
degree (3,8). This study sought to examine the pos
sibility- of enhancing preexistinq 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 



30 

® 

@ 

© 

• Sile 1 

',, 

F • f(iJ•o .Kl 

+80 

+60 

•40 

+20 

E 
0 

u 
- 20 

~ 
3- - 40 .. 

· 60 
C: 

a, - 80 
0 
0. 

~ - 100 

'" - 120 
?: 

~ - l40 
(J) 

- 160 

- 180 

Sole 7 8 g 6 

t t t t 
5 

t t 

Transportation Research Record 965 

123 ,. 
F = -32 20-0 221ji.,,-8 79LogK 

r ' =84 .7 9% (Barre de l'lsle) 

F =-34 75-0 .231ji.o-6 73LogK 

r'= 8 7 .09% (Marquis) 

- 200-t--------,,--------r-- ----,--------,,-------, 
10-1 ,o-• 10-5 10-• 10· 1 10-2 

Permeab1l1ty CK ) cm sec - • 

FIGURE 12 Predictions of mean annual frequency (F) of soil water potential in given 
material permeabilities. 

',, 
Sile 2 

K1 ' , 

'" Po Silo n 

---------------------, 
~---------- I 

P0 site 

Po 
(TAR si le 

wilh r P 0 
,------' rel a lionsh1p) 

I 

I 

I 
I 
I 
I 
I 

Po TAR, r--7 
I F (Figure 1 OJ 
I (Marquis) 

I 
I 
I 
I 

I 
I 

l 
F = tC iJ6 o Kl 

underdeveloped tropical areas, offers the prospect 
of improved cut slope desiqn. 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 (Fiqure 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 soil water conditions but also 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 pre<llction 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 

I (Fi gure 11) I ( Fi g ure 11 ) -1 

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

@ Spatial contour ing al mean frequency F for given pore 

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 equations (5-7) 
can then be used as a more dynamic forecasting input 
to the pore-water term in effective stress equations 

wate r pre s sure 'f)&o and mater i al permeability K 

FIGURE 13 Summary of method for estimation of mean annual 
frequency of soil water potential occurrence. 
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FIGURE 14 Stability envelopes for failures logged on the study section for the three permeability groups. 

for slope stability analysis. At a site-specific 
level, the envelopes shown in Figure 13 represent a 
general guide to cut slope design in the residual 
soils of st. Lucia, which may serve to reduce land
slide risk associated with planned road development. 
In particular, they illustrate to the designer the 
significant impact slope plan curvature can have on 
stability in the higher-permeability materials. 
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Landslide Activity and Groundwater Conditions: 

Insights from a Road in the rentra! 
Sierra Nevada, California 

JEROME V. DeGRAFF, JAMES McKEAN, PAULINE E. WATANABE, and WILLIAM F. McCAFFREY 

ABSTRACT 

Stump Springs Road, a major timber-haul 
r oute 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 yielded 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 thA infil~r~~inn r~p~ri~y ~nn p~~
meability of t he 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 is 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 l I area 
in shaded square detailed in Figure 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 

FIG R • 1 Index map showing 
the location of thl! . icna National 
Forest. 

FIGURE 2 Detailed topographic map showing landslide-damage 
sites along Slump prings Road (hold dashed Linc). 

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 (Figure 
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, 
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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 drainaqe 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 landslides. However, the data 
collected give some insiqht into the role of qround
water in these failures. Specifically, the triqger
ing role of groundwater and approximate groundwater 
conditions at the time of failure can be recoqnized 
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 in 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 lonq; the longest was 50 m and 
the shortest was 15 m. 

Physical Settinq 

Granitic bedrock underlies the entire road section 
affected by landslide activity (1,2). Landslides oc
curred in nearly equal numbers i; ;ach of three spe
cific granitic units: the granite of Ordinance 
Creek, an unnamed quartz monzonite and qranodiorite, 
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 averaqe 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 O. 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 lit
tle or no rock larger than O. 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 3 5 Nonplastic 
Plastic limit Nonplastic to 20 Non plastic 
Plasticity index Nonplastic to I 5 Nonplastic 
Permonbi lily (cm/sec) 10-1 to J0-4 10-2 
Unit weight (kN/m3 ) 16.3 to 19.3 17.8 
Particle size characteristics 

Gravel fraction(%) 10 to 35 25 
Sand fraction(%) 45 to 80 60 
Silt fraction(%) 5 to 20 10 
Clay fraction (%) 0 to 15 5 
Uniformity coefficient 5 to 25 9 

Unified soil classification SW,SP,SM,SC SM 
Cohesion (estimated) (kN/m2 ) 0 to 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 
alonq 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 drainage divide 
achieved a velocity of 7.5 m/sec Ci>• 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
currinq in 1903 were debris flows. Aqain, 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 triqgered 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 drainaqe on 
this forested granitic terrain is expected to be the 
main mechanism for slope drainage Ci,1>· Slide loca
tions were about equally common on planar, convex, 
and concave slope elements. Concave slope form would 
1 ikely 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 qradient 
roughly parallel to the bedrock surface (J!). Figure 
3 shows a scaled cross section of a 1982 debris flow 
at Sheepthief Creek. It is reconstructed as a repre-

'----~'j Debris Flow Deposit 

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 
sugqests a substantial decrease in hydraulic con
ductivity. 

During associated precipitation events, hydro
static pore pu11sure11 and s:eepage forces increased 
because of the greater saturated thickness of over
lying soils and groundwater flow. This reduced shear 
strenqth 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 (rul, which is de
fined as follows (11): 

(!) 
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where 

w = unit weight of water~ unit weight of soil, 
h piezometric head, and 
?. = VP.r~iC~ ~hir.knARQ n~ a1i~o . 

At the toe of the failure ru was found to have 
reached a maximum of about 0.5, whereas near the 
head of the slide ru 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 
Aline. This failure is a reactivation of paleoland
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 h l.gh poi:e-water pres!rnre as
sociated with the saturated zone. 

The observation wells provided information on the 
depth to a failure surface in this landslide. 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 
soil 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 is being ex
plored in recent research (13,~). 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 in 1902 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 [Figure 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 o•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, 
storm. 
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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 
snow 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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FIGURE 7 Cumulative precipitation at 
Huntington Lake precipitation station 
for the July to June water year. 

1983 precipitation events. It is likely that antece
dent moisture requirements were met immediately be
fore peak intensities of the 1982 snowrnelt-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 soil and road-fill 
material and the nature of the precipitation event. 
Failure 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 fill 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. Snowrnelt-durinq-rainfall events appear 
more likely to meet these conditions than snowrnel t 
from normal or even greater-than-normal snowpacks. 

Landslide phenomena in 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 snowrnelt-during-rainfall 
events in generating landslides 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. 'i'nis information would greatly improve tile 
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 (.!) , the 
buttressing by stems of trees (1,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 limit 
the scope of this paper, only stability problems 
analyzed by conventional methods of limit equilib
rium will be considered. In such an analysis the 
shear strength(s) along a potential slip surface 
(Figure 1) is considered to be fully developed at 
the point of failure. In an effective stress analy
sis, the shear strength of the soil is 

s m c' + (a - u)tan <1>' 

where 

c' cohesion, 
<1>' angle of internal friction, 
a= normal stress, and 
u = pore pressure. 

(1) 

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 strength should be evaluated. In 
addition, in the effective stress analysis, it is 

SI ip Surface 

'v 

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 
(1-!>• Creep movements on clear-cut slopes have been 
found to be larger than those on forested slopes 
(11• 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 
reinforcement are summarized, available data are 
~xamined, 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 
orqanic material contributed by decay of plant 
material may alter the hydraulic properties of the 
soil. 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 cf 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) 

kV 2 h = C(3h/at) (2a) 

where 

h piezometric head, 
k coefficient of permeability, and 
C slope of the moisture-suction curve. 

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

kV 2H + g = C(3h/3t) 

The infiltration is 

q=p-r-i 

where 

p precipitation, 
r runoff, and 
i interception. 

(2b) 

(3) 

In addition, water is removed from the soil by evap
otranRpiration (e) and drainage (fl. 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 soil 
properties and errors in testing are at least famil
iar. However, even greater difficulties are encoun
tered in the estimate of q. 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 (11) gives an excellent 
review of this topic. Evapotranspiration may be 
based on the results of lysimeter stud i es. Consider
able data are available on evapotranspiration by 
crops and grasses [e.g., 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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Expe r i mental Evi dence 

There are considerable data to show that vegetation 
has a strong influence on the soil moisture regime. 
RP.Rill ~R nf Ao.~~ i 1 An mnrl.ei. 1 te!?ts by R '"°'"""UU'' ( 15) 
indicate that the soil moisture tension in slopes 
with trees is much higher than that without trees. 
Gray (9) measured soil moisture suction in forested 
slopes-and in clear-cut slopes in Oregon. The mea
sured s uctions were higher in forested slopes. A 
detailed example is given to illustrate the prob
lems. Figure 2 shows a slope in the Maybeso Valley 
of Alaska. Piezometric levels were measured 4 years 
after clear-cutting. Nine years 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 197·4. 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 limited 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 
soil-moisture reqime 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 level in 
the slope shown in Figure 2. The simplified one-di
mensional model is shown in Figure Sa. H is the 
thickness of the pervious soil. Equation 2 reduces to 

k(3 2h/3z 2 ) = C(3h/3t) (4) 

Precipitation (q) enters at the top and d 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 O.B cm/day, 
respectively (17) • The range in the parameters is 
also shown in Figure Sa 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- 1 is added to simulate the or
ganic layer near the ground surface (Figure Sb). 
Comparison of curves E and A shows the effect of 
destruction of the organic layer, as may occur dur-
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FIGURE 2 Slope in Maybeso Valley, Alaska : (a) slope profile and (b) soil profile. 
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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 is 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 d 
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 piezometr ic 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 
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FIGURE 5 Simplified infiltration model: (a) soil layer only 
and (b) soil layer and organic layer. 
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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
f ei: characterisl:.ics from 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 

(5) 

where 

Ar area of reinforcement, 
tr tensile stress in reinforcement, and 

A area of soil. 

The result is that the reinforcement is equivalent 
to a cohesion Ccrl (11_). 

The root system of marram grass [Figure 7a 
(~111)] may be approximately isotropic. However, 
the root systems of vegetation are usually not iso
tropic 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, 

Transportation Research Record 965 

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 
soil and groundwater conditions. 

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 is possible to 
outline the general concepts of root reinforcement 
as shown in Figures 8 and 9. In Figure Ba, the 
potential slip surface (ab) intersects the roots of 
the tree at c. For failure to occur along ab, the 
roots must also fail in tension, shear, or bond or 
some combination of all three. The position of a 
root c after shear displacement 6 has occurred 
along· the slip surface is shown in Figure Sb. The 
forces on the root are Tn, Ts, and M. If a 
three-dimensional failure surface is considered 
(Figure 9), the roots that intersect the end sur
faces would be displaced in a similar manner. To 
ev;,11_,,,_te the contribution of the ronts tn stability, 
Tn, T8 , and M must be determi ned. If the root is 
small and flexible, M = 0 a nd 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 Bbl is simply 
Tr, 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 
orientations, 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 Figure 
10, h ahallow layer of a comparatively weak aoil 
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 is assumed that there is little dis
placement of the root in the strong soil in the s 
direction. Then Tn and Ts can be calculated for 
a given shear distortion e. 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 e at 
failure. Both analyses lead to the expression 

(6) 

where 

-... 



(a) 

(b) 

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). 

(b) 

'() 

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

b 

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

() 

FIGURE 10 Example I: (a) sinker 
roots penetrating a stiff stratum and 
(b) simplified representation of root 
displacement. 
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B 

equivalent cohesion due to root reinforce
ment, 
factor that accounts for the direction of 
the roots and is about 1.2 for~= 30 
degrees, 

Tri resistance of the ith root, and 
A area of the shear surface. 

Laboratory tests by Gray and Ohashi (1!!_) and Waldron 
(]) 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 siopes in the Maybeso Valley 
ot Alaska was analyzed . Fur tile cle,n-cuL slopes, 
the shearing resistance consists of the shear 
strength of the soil only. For the forested slopes 
the shearing resistance is 

sr = s + cr = c' + a' tan~· + cr (7) 

in which Cr is as given by Equation 6. Because the 
tensile strength of roots var i es with the r oot diam
eter, the quantity !Tri must be calculated 
separately for the different size groups as shown in 
Table 1, The safety factor is about 1.3 for a slope 
covered with a mature forest of Sitka spruce and 
western hemlock and about o. 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 ar~ in q~ne~~l 
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 r can have a 
significant in- fluence on the stability. 

There are seve r al potential applications of this 
solution. For cuts in cohesive soils, the initial 
stability is governed by the undrained shear 
otrcngth, Long-term stability under the dra i nen con
dition is controlled by the effective stress param
eters c' and ~·, If c' = O, 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 Cr 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 O. 
Then the slopes become unstable. If the slopes are 
reforested, one may expect the roots of trees to 
contribute to the stability of such slopes, 

TABLE 1 Measured Root Density in Slope of Maybeso Valley (35) 
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Example 2 

Three-dimensional failure surfaces are common in 
reality. Most natural slopes are not uniform. There 
are zsl,)atial variatiUJJS in th~ soil .::nd r~ot 
strengths and in slope geometry. Drainage depres
s ions that run in the downslope direction usually 
concentrate groundwater flow, and the piezometric 
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, failure 
u s ually i nvolves a bowl-shaped surface, as shown in 
Flgu£e 11. Such failures have been de&cribad by 
Swanston (]) and Riestenberg and sovonick-Dunford 
(29), among others. 
~A simplified three-dimensional failure surface is 

shown i n Figure 9. The end s ur faces are a ssumed to 
be planes. The effect o f the lateral roots that in
tersect the end surfaces is considered. Excavat ions 
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, 
pe rsona l communication). Ziemer (_E,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 abed and a'b'c'd' of a soil block that 
contains lateral roots running generally in the 
horizontal direction (Figure 13). The measured 
sti:enqtho (sr) of tha scil-rcct system are corre
lated with the weight of the biomass as shown i n 
Figure 14 (~. To compute the resistance of the end 
surfaces, the lateral roots are assumed to be con
centrated in a layer with thickness Hr as shown in 
Figure 15. In this zone the shear strength of the 
soil-root system is sr. If Equation 6 is assumed 
to apply, 

(8) 

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

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

The resisting moment of son the end surfaces is 

s dA r 

s Rde [R - R(cose 0/cose) ]{R - (1/2) [R 
- R(cose 0/cose) J} 

(9) 

(1/2)sR'[l - (cos 2 00/cos 2 0)Jde (10) 

and 

Tree and Root Density• (m-2 ) According to Diameter (mm) 
"i:,Trj/A Diameter Depth of Area of 

Location (m) Pit (m) Pit (m2 ) 0.8 1.6 2.4 3.2 4.0 4.8 5.6 6.4 7.9 9.5 11.0 12.7 (kPa) 

Hemlock, 
0.15 0.45 6.8 14.5 15.7 7.9 8.7 1.4 1.0 0.7 0.3 0.3 0.8 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 0.3 0.9 0.3 0 0 0 4.3 

3 Two hem-
locks, 
0.75 and 
0.30 0.30 0.6 43.7 57.0 0 46.5 0 21.4 0 6.6 0 0 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 6.1 0 0 0 0 5.4 

3 Number of roots intersecting the boundary between B- and C-horizons (35), 
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FIGURE 11 Slide at head of a 
drainage. 
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FIGURE 12 Roots intersecting the 
vertical wall of an excavation. 

FIGURE 13 Schematic diagram of 
Ziemer's in situ shear test. 

2sR' /'
0

r1 - (cos 2 e0/cos 2 e)Jda 
-eo 

= 2sR' cose 0 sinao 

The resisting moment of (sr - s) in zone abed is 

dMR3 • (sr - s)dA cos0(R coseofcos0) 
(sr - s) [(R cose 0/cose)d8 coseDJ 
x cose(R coseofcose) 
(sr - s)DR 2 cos2 e0de 

0 

MR3 • 4(sr - s)DR 2 cos•e 0 j' de 
-eo 

4(sr - s)DR 2 80 cos 2 e0 

(11) 

(12) 

(13) 
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FIGURE 14 Relation 
between shear strength 
and biomass (32). 
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FIGURE 15 Three-dimensional slip surface: (a) side view, 
(b) perspective view, and (c) computation of resisting 
moment. 
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The resisting moment of (sr - s) on the cylindri
cal surfaces ab and cd is 

MR4 = 2(sr - s)L(D/sine 0 )R 

The total resisting moment is 

~l + MR2 + MR3 + ~ 4 
2sLR2 e0 + sR'(2e 0 - cose 0 sine 0) 

+ 4(sr - s)DR 2 e0 cos•e 0 
+ 2(sr - s)LDR/sine 0 

(14) 

(15) 

As an illustration the stability of the slope 
shown in Figure 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 sr are taken from 
Ziemer's data (Figure 14). The computed driving and 
resisting moments are as given in Figure 16. It can 
be seen that the lateral roots contrtbute, in this 
case, about 40 percent of the resisting moment. 
Without the contribution of the roots to shear 
strength, the slope would not be stable. 

s = 4kN/m2, s,=20kN/ m2, y = 16kN/ m3 

M =41mN-m 

MRI =12mN-m 

F l r.TT R F. 1 fi R,rnmplP 2, ~tahility and analysis for three-dimensional 
slip surface. 

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 lies 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' f'orest trees. Examples 
include root spread and root diameter of Douglas fir 
{12_) and apple {1,!). 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 be r:,orni
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 species 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, qives the total cross
section areas of the roots and the values of Cr as 
computed by Equation 6 for the two sites in Alaska 
and Ohio. Results of shear tests on soils reinforced 
with grass roots (~) are also given in Table 2 
( case 3) • In case 4, the total area of roots of 
beach grass was estimated (22,23) and Cr was 
computed by Equation 6, assuming~hat 

(16) 
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FIGURE 17 Root mat of Sitka spruce (photograph by D. N. 
Swanston). 
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FIGURE 18 Diamet er of root mats (35) . 

" 

where oT is t he a verage tens i le s trength and 
Ari i s the a r ea of t he i t h r oot . I t i s s urprising 
that Cr fal l s wi t h i n a na r r ow range o f 3 to 10 kPa. 

As a n approximation , Equation 6 may a Ls o be used 
to estimate c r on vertical planes s uch as abed in 
Figure 15a. Results obtained by Riesten berg and sov
onick-Dunford <W are given in Table 2, c ase 5. 
Calcu l at i ons made with Equations 6 and 16 and the 
results of excavations by Swanston and by Burroughs 
and Thomas {37) are aloo given. The large root area 
of Douglas fir relative to the other species serves 
as a reminder that Cr may be very d i ffere n t for 
different species and different site condi tions . Ad
ditional research is needed to establish relations 
between the root geometry and site conditions that 
are of regional significance. 

iiii 
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TABLE2 Root Areas and c, 

Predominant 
Case Species Location Soil 

Boundary Between B- and C-Horizons 

Sitka spruce, Alaska Silty sand 
western hemlock 

2 Sugar maple Ohio Clay 

3 Grasses California Loam and sand 
4 Marram grass Sand 

Vertical Section in B-Horizon 

5 Sugar maple Ohio Clay 

6 Sitka spruce, Alaska Silty sand 
western hemlock 

7 Douglas fir Oregon, Gravelly loam, sandy 
Idaho loam 

8 Estimatcd wHh aT = 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 vegetation 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 soil 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 is 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 qeo
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 geoqrid 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 is 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. Figure 1 shows the general location of the 
project on the Oregon coast. 

The experimental geoqrid 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 gunite 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 lowest 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, preli~nary designs for both the geoqrid and a 
conventional geotextile were completed. For these 
preliminary estimates, the geotextile design re
quired 36 layers of reinforcement using 11,500 yd2 

of fabric. Because of its greater strength, the geo
grid wall only required 21 layers and 6,000 yd 2 of 
material. Although the geogrid wall did 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 geog rid required forming thicker layers, 
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 prot~ct 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 local 
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 failure 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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FIGURE 1 Geogrid wall site location. 

FIGURE 2 Site before construction. 

clay varying in thickness from Oto 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
t ion were to control the water flowing in the sand 
layer and to prevent further deterioration of the 
shale. 

~ 
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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 geoqrid 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 1-ft layer of well-compacted gravel at 
an elevation of 46 ft. 

The front view of the geoqrid wall approximates a 
trapezoid the bottom or which is 70 ft long and is 
tapered on both sides to a top length of 170 ft. The 
wall at the top is 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 Figures. 

The design also called for common backfill to be 
placed over the lower face of the wall to reestab-
1 ish the natural ground surface. Above the natural 
ground line sod was to be placed between the gravel 
backfill and the Tensar geoqrid. Ose of sod was be
lieved to be the most economical way to establish 
vegetation on the face. To acconunodate 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. 



Szymoniak et al. 

I ;' 

Tt~1 Ha .. r ez 'I 
e ·z ez 

:gray shale 

'" • 

49 

FIGURE 3 Geologic cross section of site. 
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FIGURE 4 Cross section of geogrid wall. 

GEOGRID WALL DESIGN 

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 2

• Strain at failure is 12 percent and 
strain at 40 percent of maximum strength is 3 per-

I 

----,. ,o· a..,,,,, .. ~ -!II>-

--1 

cent. In comparison, a conventional nonwoven geo
textile, Trevira 1127, has a strength of 1.1 kips/ft 
and a weight of 6.5 oz/yd 2 • 

The backfill material used for the qeoqrid wall 
was a graded crushed basalt with 2-in. maximum sizei 
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 5 Wall elevation section. 

FIGURE 6 Fastening the geogrid strips together. 

and angle of internal friction for the backfill were 
assumed to be 140. O lb/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. (ll and Hausmann (ll for Reinforced Earth 
walls and was modified for geotextile walls by Bell 
and his co-workers at Oregon State University (±,11. 
This method has been used by the Forest Service 
(_i,2), New York Department of Transportation (~), 
Colorado Department of Highways (_~), 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 live 
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 

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 ft at the bottom of the wall and approxi
mately 4. 6 ft at the top. For appearance and con
stn1c tion c ons iile rations, the wall was detailed with 
5-ft steps . Each step wa s set back 6 in. from the 
one below to give the wall an average batter of 1:6 
( see Figure 4) • The lower three layers were given 
reinforcement spacings of 1 ft, the midheight layers 
apacirgs 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 ground 
level in front of the wall has been used success
fully in England and elsewhere. The steep site, wall 
geometry, and the 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-supp-;;rt
ing forms. 

Because reinforcement spacing was 3 ft at the 
top, a 3-ft forming system was required. The deci
sion wa s made t o use the same system throuqhout 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 Figures 
7 and B. 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 7 Suggested construction form details. 

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 

FORM 

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 

Fabric 
Weight 
Strength 
Chemical makeup 
How made 
Roll dimensions 

Widtn 
Length 
Weight 

Height 
Face wall 
Amount of fa bric 
Design angle of internal friction(¢) 
Time 

Constru ctio n 

To reset forms 
Cost 

Fabric 
Fabric (cost to state) 
La bor 
Per square foot of wall 

Without backfill 
With backfill 

30-ft concrete cantilever• 
30-ft Reinforced Earth3 

30-ft VSL Corporation retained 
eartll 

30-ft Doublewal3 

30-ft metal bin' 
Permanent tie backa 

Description 

Tensar SR-2 
·Lt .b oz/yct~ 
451 lb/in. ; 5,413 lb/ft 
High-density polypropylene 
Drawn with hea t 

3.3 ft 
98 ft 
62 1b 
29 ft 
3,900 ft 2

; 2,500 ft 2 of sod 
6,000 yd2 

40 degrees 

2 1 days (32 days includin g exca
va tio n ) 

3 hr 

$4.50/yd' 
$6.75/yd 2 

$13,500/3,900 ft 2 = $3.46/ft 2 

$ 11.44/ft' 
$24/ft 2 (A and B backfill) 
$50/ft2 

$18/ft2 

$20/tt 2 

$20/ft 2 

$38/ft 2 

$50+/ft 2 

3198 1 FHWA data that are still rele va nt (does no t 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 unplugqed drain pipes were 
thought to have contributed to the slides at the ex
cavation site. 

The general procedure followed by the contractor 
in the early staqes 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 

r e quire d e mbe dme nt lengths, and secure the fabric 
with No. 3 rebar anchor pins; 

4. Place hoq r inqs to secure the panels to one 
another at the face; 

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

6. Level and compact; 
7. Place sod in position beyond the geoqrid; 
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 geoqrid into a section and splic
ing the ends of the geogrid with No. 3 rebar. A 
masonry circular saw was used to cut the geoqrid. 
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 hanginq the sod 
strips on the form and shows the space left for the 
dirty c l ass-B backfi ll. The l ight compaction equip
ment used near the face of the wall to compact the 
class-B backfill is shown in Figure 11, and Figure 
12 s hows the pinning of the ove rlap a nd d e fl ections 
experienced with the initial forming system. In 
Figure 13 the equipment used by the contractor and 
part of the drainage network i nstalled to interc ept 
the groundwater can be seen. Figure 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 dcnoity requirement to 90 
percent and place a rock blanket of material 1.5 to 
2. 5 in. thick against the excavation backs lope 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 geoqrid and the backfill. 

FIGURE 10 Hanging sod on back of forms. 
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FIGURE 11 Compacting class-B backfill near the forms. 

FIGURE 12 Pinning geogrid overlap in place. 

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. Th~ problem 
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FIGURE 14 Completed geogrid wall. 

of bulging was not deemed important in the lower 
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. 

As 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 Figures 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 conditions, difficulties in scheduling the 
work because of the confined space, and the labor-
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FIGURE 15 Modified forming system. 
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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 it 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 geogrids 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 originally 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 completed, 

form, 
1'T-.
voc .;uch. S-ft 

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 qeoqrid 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. 
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Performance of an Earthwork Reinforcement System 

Constructed with Low-Quality Backfill 

JOSEPH B. HANNON and RAYMOND A. FORSYTH 

ABSTRACT 

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 construc_ted. 
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 (!,~). 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 Earth Company in 
1978 Ci>• 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 4x 8 10 17 .3 37.5 25.7 
Gravelly sand 4x 8 20 20 44 35.8 
Gravelly sand 4x 8 25 20 60 43 
Silty clay 4x 8 10 19 39.5 33.5 
Silty clay 4x 8 20 21 55.5 37.5 
Silty clay 4x 8 40 24 66 59 
Silty clay 5 X 14 10 10 29 27 
Silty clay 5 X 14 20 11 30 30 
Silty clay 5 X 14 40 12 41 41 

3No. 3 rejnfordng 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-quality 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 (j). 

Although there was a great deal of interest in con
structing a prototype MSE with marginal-quality 
backfill, either subsequent MSE projects were in 
areas where high-quality 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 April 1979. 



iiii, 

56 

These walls, varying in length from 183 to 490 ft, 
were to provide o.s 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 

Canyon Creek adjacent to the highway at this loca
tion precluded construction of embankments for the 
full length of the widening. A 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 1-in. soil borinqs. Foundation 
material oonoioted of a compacted qranular 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. 'lhe results of laboratory 
classification tests on samples considered represen
tative for preliminary design purposes are shown in 
Table 2. The results of the feasibility 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 
Q fR.iC!hnp\ _ Tn ;::anni+-inn +-n +-ho M~~ C!yC!+-oma, ~1+-orn~-

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

INTERNAL AND EXTERNAL WALL STABILITY 

External stability analysis for the MSEs at Baxter 
consisted of checking both the resistance to slidinq 
and overturning moments for the static condition. 
Once internal stability requirements are satisfied, 
the MSE is assumed to act as a solid qravity mass 
with its weight resisting the overturninq 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
terial. 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. 
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The maximum credible bedrock acceleration is esti
mated at 0.1 .9: as a result of activity on this 
fault. Because of the conservative design approach 
applied for the saturated backfill condition as de-

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 
percent 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 subiect t6 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 anqle of 
internal friction (¢,) of 20 degrees and a cohesion 
of 500 psf were assumed at partial saturation. The 
minimum factors of safety for sliding {1=5) and 
overturning ( 2 .0) could be sat i sfied with a bar-mat 
embedment length providing a 12-ft base for the 
maximum wall heiqht 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). 

ENO OF WORK 
P.M. 48 .8 

BEGINNING OF WORK 
P.M. 48.3 

FIGURE 1 Vicinity map. 

--
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TABLE 2 Physical Soil Properties of Backfill Materials for Location I 

Initial Test on Proposed Backfill Progress Sample from Location I 
(Embankment Material) (Wall I) 

Property Sample 79-1190 Sample 79-1191 Sample 82-1208 Sample 82-1232 Specifications 

Plasticity index PI(%) 8 II 7 9 10 max. 
pH 5.9 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 
3 in. 100 100 99 
2Yz in. 92 100 99 97 
2 in. 84 98 99 94 
I Yz in. 78 97 98 93 
I in. 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 
5µ 14 21 24 18 
Iµ 5 7 9 10 

Unified Soil Classification SM SM SM SM 

TABLE 3 Shear Strength of Backfill Materials: Location I 

Parameter 

Angle of internal 
friction r/J 
(degrees) 

Cohesion c (psf) 

Initial Test on Proposed Backfill 
(Embankment Material) 

Sample 79-1190 Sample 79-1191 

uu CUeff CUtotal uu CUeff 

31 32 20 31 32 
1,600 500 700 1,200 300 

Progress Sample from Location I (Wall I) 

Sample 82-1208 Sample 82-1232 

CUtotal uu• CUeff CUtotal uu• CUeff CUtotal 

6 28 32 20 33 16 5 
900 2,700 300 600 700 700 1,000 

Note: UU = unconsolidated undrained; CUeff = consolidated undriai.ncd effective. All strength test, performed on re molded specimens: 82-1208 sampled 
from backfill at station 383+60 9 ft below finjshed grade, S2-1232 .s1:m1pled from backfill at station 383-4o-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• CUeff3 CUtota!0 uu• CUeff CUtotal 

Angle of internal 
friction r/J 
(degrees) 35 3[ 19 13 33 18 

Cohesion c 
(psi) 1,100 500 1,200 1,200 360 1,400 

Note: UU = unconsolidated undrained; CUeff = consolidated undrained effective. AU 
strength. tests performed on remolded specimens; 82· 1256 sampled from backfill at sta· 
tion 399+30 l Oft 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 1-in. lateral movement for 
the laboratory test mat 2 ft wide by 4 ft long (B
ft2 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 effec tive area 5 ft wide by 12 ft long (60 
ft 2), 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 2 • yr) was therefore estimated for 
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design by using the previous values (~) . Accordinq
ly, the W7 bar size was selected as adequate for the 
SO-year design life of the facility based on workinq 
stresses. Criteria now used by Caltrans are some-

Progress tests for pH and resistivity made durinq 
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 oriqinally 
estimated. A series of steel rods (W7 bars) were 
placed in the wall backfill at various levels durinq 
construction to monitor corrosion rate. These rods 
will be pulled at future intervals for inspection 
and <leteuulnallou o( corroeion loee. 

CONSTRUCTION 

Plans and specifications for the project were com
pleted in May 1981. Because of fundinq 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 2 of wall and associated 
road work. The second low bidder submitted the rein
forced-concrete crib-wall alternative (17,497 ft 2

) 

with a total bid of $882,621. An RE wall was bid a 
close third at $883,226 (17,278 2

). The contract 
-..~~ ~•·•~rAoA ._,.... +-h.o. ,Y,a-lrho.r4- r'nn~t-rnt"!i-.inn C.nmp any 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-quality 
backfill for the MSEs. The RE walls required 2 ft of 
additional horizontal embedment with imported back
fill 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 maximllm roc,k Ri 7.Pr thP. backfill was of subbase 
quality. The only quality requirement for MSE back
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 monitorinq 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 Figure 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 ohown in 
Tables 2 and 3. These results a re comparable with 
the initial test results. 

Construction continued until mid-September, when 
progress was interrupted by intermittent rains. In 
August the project was shut down for 1 week because 
of unsatisfactory plasticity index tests on the na
tive backfill material int ended for wall 1, which 
were found to exceed the specification limit of 10 
by as much as 8. This degree 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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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. Durinq 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 for the 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 8 2-1 261 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 
3 in. 
2!h in. 100 
2 in. 99 100 
IY, in. 99 99 
I in. 97 98 
3/4 in. 96 98 
1/2 in. 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.SO 81 83 93 
No. 100 70 66 91 
No. 200 57 50 86 
5µ 12 12 25 
I u 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
l ect ed fo r in,;trumP.ntation. One critical section on 
each of these walls was instrumented in detail (Fig
ures 3 and 4). Station 383+60 for wall l (instrument 
location 1) combined a high groundwater table and 
possible seepage problems. The maximum height of the 
wall was 14 ft. Station 399+30 tor wall ::I ( instru
ment location 2) represented the highest wall sec
t ion 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 baro) were 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 locations 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 

Streaaes determined from strain gauge measurements 
are presented in Figures 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 ft 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 

0---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 MS~ walls, which show no significant peak 
stresses (5). The higher stresses at level B prob
ably refle~ t some consolidation of the fine-grained 
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 over regis
tration, possibly due to excessive compaction near 
the wall face. Subsequent readings show pressure 
relaxation with additional fill 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.
diameter anchor bar over the contributing area of 
the concrete fac e pan~l. Sine~ four anchoL bar con
nectors attach per panel, the contribut i ng area i s 2 
ft high by 12. 5 ft long divided by 4, which equals 
6. 25 ft 2

• 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 drainage 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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the wall. When the top of wall was reached, aver
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 
{lt'i(]I..!!'~ 11) _ 

The steel bar-mat stresses in Figures 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. 

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 nat-;, s11qqest- cneffir.ient-s of 
assumed active pressure (Ka) equivalent to 0.50 and 
0.47 for Figures 8 and 10, respectively. These 
values are somewhat less than the conservative value 
of 0.70 used for design. 

The foregoing 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
c:t-rn,..t-inn. These m~ts 1-r'?!:'? pl~-~'?a in thP t,,;:ir.kf;,, 
and extended beyond the facing as shown in Figures 
12 and 13 at five levels between stations 398+97 and 

FTC.lJRF. 12 Typir,al dummy bar-mat (thrne tranMverMe barM) placed 
in backfill during construction. 

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. qrid (Figure 
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 durinq 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. 

~'¢$~'¢PVC 
GREASED SLEEVE 

6'x 24'(W7-W7) 

:~ I I I 
T1==4·-o·~ 

,__6'-2··-:~ 
10'-e''----------: r 

DUMMY BAR-MATS FOR FIELD TEST 

I 1(;3--
""' "" ~ "" 'j 

1 ,e:•·· ,..,.,_.,, L''"'" I 
~ r I I~ I I !$-
1 

LABORATORY TEST MATS 

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 is reported here for 
the 6- and 10-ft overburden heights in 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 (}). 

A comparison of field pullout resistance for the 
five different overburden heiqhts 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 increasing pullout with increased overburden. 
This inconsistency is due partially to strength var
iability of the low-quality backfill resulting from 
the moisture reqime within the reinforced mass. 

Undisturbed soil 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. 
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FIGURE 16 Field pullout resistance of dummy bar
mats at 6 ft overburden. 
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FIGURE 17 Field pullout resistance of dummy bar
mats at 10 ft overburden. 
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FIGURE 18 Field pullout resistance of dummy bar
mats with variable overburden. 

TABLE 6 1n Situ Properties of Undisturbed Field Soil Samples from Location 2 (Wall 3) 

Station 3 98+97 Station 399+10 Station 399+22 

Property Bl-IC Bl-4C Bl-SD B2-IC B2-3B B2-5B B3-IC B3-3D B3-4C 

Depth" (ft) 4 12 14 4 8 13 3 II 15 
Type of test cu cu uu cu cu uu cu cu uu 
Angle of internal friction 
~ (degrees) 34 34 21 34 28 19 34 26 18 

Cohesion c (psf) 1,300 1,000 700 2,000 1,800 950 1,000 1,200 900 
Plasticity index PI(%) 2 3 3 5 2 I I 
Field wet density (pcf) 124 122 118 125 120 116 114.4 122 119 
Field moisture content 

(%) 21.6 10.2 18.6 19.3 29.2 25.5 24.2 22.2 26.1 

Note· UU = uncom:oJJd;:it('!d undraine<d; CU= comolidated undrained; B1.1C, etc,= sample numbers, 
8Depth 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 Figure 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 three 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 (omax> 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 

'1' = om (3) (area of W7 bar), 
T 8 ksi (3) (0.07 in2 ) = 1.68 kips. 

i\ssuming 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 
configuration 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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