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Field Slope Charts for Stability Studies

Levé des pentes en place pour études de stabilité

by K. S. La n e , Chief; Geology, Soils & Materials; Corps of Eng., Missouri R. Div., Omaha, Nebr.

Summary

Charts for comparing field measured slopes often afford a 
simple approach for selecting a design strength for stability studies- 
basically by analyzing strength necessary to  support N ature's 
slopes in equilibrium. For composite formations, particularly 
sedim entary rocks, the uncertain elTects of alternating strong and 
weak beds, jointing and bedding make this approach more reliable 
than one based solely on laboratory tests. Examples are given 
for shales at Ft. Peck, Garrison and Tuttle Creek Dams.

The Design Strength Problem

Selection o f  a  design shear streng th  fo r im p o rtan t cu t 
slopes is seldom  an  easy problem , even fo r hom ogenous 
soils and  w ith  the best o f  boring  sam ples and  labo ra to ry  
tests. This is particu larly  true  fo r so ft rock  fo rm ations o f 
younger geologic age such as clay-shales, chalks, lignites, 
p oo rly  cem ented sandstones, etc., w hich are  nearly  always 
overconsolidated  from  sedim ents form erly  overly ing  and  
since eroded. F o r  com posite  fo rm ations o f  alte rnating  stronger 
and  w eaker beds, the  prob lem  is m agnified several fold by 
the uncertain  effects o f jo in ting , fau lting  and  sim ilar local 
w eaknesses and  o f  reinforcing con tribu ted  by  the  stronger 
layers. A  fu rthe r com plication  is the tendency fo r sam ples of 
the  w eaker m aterials to be unsu itab le  fo r testing so th a t the 
lab o ra to ry  d a ta  is, fo r the m ost pa rt, ob ta ined  only  for 
the  stronger beds. I t has been well said, th a t the  m aterial 
to  w orry  ab o u t is n o t w hat one sees in  the  core box  —  ra th er it 
is the gap labeled “ lost core” as th is frequently  represents 
m aterial too  w eak for recovery. F o r  these d isconcerting 
conditions, the real answ er desired is the “ in-situ” strength  
o f the overall slope as affected by the local w eaknesses and 
reinforcem ents N atu re  has built in to  it.

In  m an y  locations, N atu re  herself has already provided  
significant in-place tests and  on a far m ore com prehensive 
scale than  any  conceivable p rogram  o f la bo ra to ry  investiga­
tion  on  sm all samples. M ost reliable d a ta  is tha t from  careful 
analysis o f existing s lid e s ; but w here N atu re 's  tests have n o t 
been carried  to  destruction , they  are also useable. I t is obvious 
th a t the strength  o f  existing slopes is a t  least th a t required  
to  m ainta in  the ir present equilibrium . T he task  is to in terp re t 
N a tu re ’s “ in-situ” testing under her cond itions and  then 
to  apply  this to  o u r conditions, as frequently  changed by 
the p ro jec t construction .

The Field Slope Chart

A n approx im ate  but often productive app roach  is the 
field slope ch a rt, consisting sim ply o f a p lo t o f  slope heights 
vs. slope inclinations. D epending  on d a ta  available, this alone 
m ay  be sufficient in som e cases to establish the dem arcation

Sommaire

L'inclinaison naturelle des talus en place permet dans beau­
coup de cas de déterminer facilement les éléments de base des 
calculs de stabilité, avant tout en fournissant les caractéristiques 
susceptibles d 'assurer l'équilibre de ces talus. Dans le cas de for­
mations sédimentaires com portant des couches alternées de com­
pacité différente, ce mode de détermination qui évite les incerti­
tudes dues à l'hétérogénéité, à l'inclinaison des couches et à la 
nature des contacts donne de meilleurs résultats que les seuls 
essais de laboratoire.

Ce rapport donne des exemples relatifs aux schistes de Fort 
Peck, Garrison Dam et Tuttle Creek Dam.

between safety and  instability . In  o ther cases requiring  
fu rthe r analysis, it is a  convenient form  fo r sum m arizing 
and  in terp reting  the  evidence from  a  group o f  existing slopes.

In  practice, it is well to  in itia te the s tudy  by a geologic recon­
naissance o f  the  locality  to  select significant slopes in the 
pertinen t fo rm ation  fo r fu rther investigation. These are  then 
surveyed to  establish slope profile, key beds o f  the geology 
and  an  estim ate o f  ground  w ater conditions. T o  ex ten t p rac­
tical, w ork should  concen trate  on slopes resulting  p ri­
m arily  from  the fo rm ation  streng th  and  avo id  those cases 
w here the  slope has been fu rther flattened by run-off erosion. 
F o r  slides it is im portan t to gather all evidence w hich will 
aid  in estim ating  the slope cond ition  berfore failure. A t som e 
particu larly  pertinen t slopes a  few borings m ay  be justified, 
p referab ly  equipped w ith  piezom eters to  show  seepage 
conditions.

Tw o lim iting seepage cases fo r n a tu ra l slopes are show n 
on Fig. 1 w hich it is im p ortan t to  recognize fo r subsequent 
analysis o f  the slope by  the m ethods o f soil m echanics. 
C ase A  can  be expected w here the fo rm ation  is essentially 
hom ogeneous in  p erm eab ility ; it has been term ed adverse 
since the seepage forces are  so inclined tha t they  produce 
a  high over-tu rn ing  m om ent fo r a  circular slide. C ase B is 
m ore likely in a stratified fo rm ation  and  particu larly  where 
m ore perv ious d rainage layers are  present. It has been term ed 
favorab le seepage since the vertical direction o f seepage 
forces m inim izes the ir over-tu rn ing  effect. In  practice, seepage 
in  m ost n a tu ra l slopes is a p t to  be som ew here between these 
tw o lim iting cases as show n by the following exam ples.

Bearpaw Shale at Fort Peck Dam

T he sim plest form  o f slope ch a rt m ay be m erely  a p lo t 
o f successes and  failures as show n by Fig. 2. This chart 
was developed for the Bearpaw  shale a t F o rt Peck D am  
w hich is located in n o rtheast M ontana . This is a  clay-shale 
o f  U pper C retaceous age, m oderately  faulted and  slickensided, 
w ith num erous ben ton ite  layers and som e th in  limestones. 
M ore detailed properties o f  the shale have been reported
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Fig. 1 Seepage cases. Natural Slopes.

Cas de percolation dans des talus naturels.

by M id d l e b r o o k s  [1] and various discussors of his paper. 
It is quite fissile and weathers to flakes, then ultimately to a 
fat clay. As shown by Fig. 2, the weathered shale is far weaker 
than the parent material.

This chart was developed for the outlet area, principally 
for studies o f excavation slopes during design of the second 
powerhouse in 1953-56. Seepage conditions approximate 
adverse Case A of Fig. 1. Most o f the plotted slope failures 
occurred during excavation for the initial construction in 
1934-35, when soil mechanics was in its infancy. Rarely are 
such a high percentage o f failures available to so clearly 
indicate the boundary between success and failure. More 
commonly it is necessary to estimate the strength and resul­
ting safety factors from data on a  group of largely stable 
slopes as illustrated by the next example.

F ort Union Shale at Garrison Dam

The formation at Garrison Dam in central N orth D akota, 
is the Fort Union clay-shale of early Tertiary age. While 
largely fat clay, some beds are silty and some uncemented

sand. There are occasional horizons of limey concretions and 
numerous beds of lignite coal which latter are quite pervious 
due to their open joints. The heavy pre-consolidation load 
(in the order of 80 to 100 tons per sq. ft.) and other properties 
of the Fort Union have been previously reported by Smith 
and R ed u n g e r [2],

The project involved design of some 10 miles o f excavated 
slopes for various channels, several over 200 ft. and one 
300 ft. high. Available human experience was limited to 
60 ft. cuts on railroads and in nearby lignite mines. More 
significant was Nature’s experience — numerous bluffs 
200-250 ft. high on the valley walls, including several slides. 

The problem was handled principally by the slope chart 
of Fig. 3. Survey profiles and geologic sections were obtained 
for some 25 slopes, including 3 slides, of which two were 
susceptible to  detailed analysis. Different values of friction 
and cohesion were then tried as a process of curve fitting 
to locate the strength best suiting the basic slope data. Use 
of T a y lo r ’s [3] charts for stability number made it compara­
tively easy to construct trend lines of equal safety factor 
for different assumed combinations of friction and cohesion.
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Fig . 2 Bearpaw Clay-Shale at Ft. Peck Dam.

Argile schistifiée type Bearpaw au barrage de Ft. Peck.
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Fig. 3 Ft. Union Clay-Shale at Garrison Dam.
Schiste argileux type Fort Union à Garrison Dam.

With the lignites acting as horizontal drains and since the 
natural slopes were cut slowly over thousands of years by 
erosion of the river valley, favorable seepage Case B was 
considered most applicable. This corresponds to the case 
Taylor terms “capilary saturation” using saturated unit 
weight. Design values of =  20° and C =  1 400 lb. per sq. 
ft. were selected as best fitting the slope data and were also 
fairly well supported by laboratory tests. Fig. 3 shows trend 
lines o f different safety factors computed from Taylor’s 
charts for favorable seepage Case B.

The chart also shows several of the m ore significant project 
slopes, including some temporary ones where a lower safety 
factor was admissible. The more important of these were 
subjected to detailed analysis for the two seepage cases of 
Fig. 1, assuming :

Case A with inclined seepage might occur in event the 
slope is cut very rapidly.

Case B  with vertical seepage is likely to develop eventually, 
particularly where the lignite drainage layers are favorably 
located.

For most slopes, best estimate o f safety factor was cons­
idered to lie between these two limiting cases. Safety factors 
for 3 slopes from these analyses are shown on the chart in 
parenthesis — the first and lower value for Case A, the second 
and higher value for Case B. It is interesting that the Case B 
safety factors closely check those derived for the same case 
from Taylor’s chart.

With the design strength thus derived (principally from 
the field slope chart o f Fig. 3) other charts for slope design 
were prepared for seepage Case A and B and then used for 
actual slope design. Upstream slopes were further flattened 
and checked for the drawdown case, which gave a lower 
safety factor than Case A. The design thus based on N ature’s 
slopes was entirely successful; in 12 years since construction, 
there have been no failues of the Fort Union slopes. Neither

has the design seemed over conservative as one temporary 
slope over the dowstream tunnel portals exhibited border 
line performance. For this slope, special portals were con­
structed to offset the reduction in strength during the period 
the tunnels were mined as holes [4].

Shale-Lim estone a t Tuttle C ree k D am

A t Tuttle Creek Dam in east central Kansas, the bedrock 
is much older and harder and was excavated by blasting. The 
formation consists of alternating beds of shale and limestone 
of Permian age. The limestones are comparatively hard, 
some beds of riprap quality, and due to their open joints 
are the feebly permeable members of the formation. W ater 
concentrating abilities o f the limestones were well illustrated 
by bands of more prolific vegetation following the limestone 
outcrops — good evidence that seepage conditions approached 
favorable Case B.

The problem was to design slopes for the spillway channel 
up to 120 ft. high. Geological reconnaissance showed available 
experience in the same formation limited to an 80 ft. railroad 
cut and a 45 ft. high road cut, plus a few lower slopes — all 
stable as shown by Fig. 4. Lacking any failures, two assump­
tions were made for the highest 80 ft. existing slope; (1) lim­
iting condition with safety factor of 1-0 and (2) a possible 
condition with safety factor 1*2. Trend lines were computed 
from Taylor’s charts as shown on Fig. 4, with both conditions 
showing substantially the same trend. Accordingly the project 
slopes were set as shown on the figure and in the 4 years 
since excavation have been entirely satisfactory. The actual 
safety factor is considered to be substantially greater than 
assumed for the above two conditions where the cohesion 
was assumed comparatively low. For example, the effect of 
doubling the cohesion would double the slope heights for 
the lines representing a safety factor of 1*0. Hence this is not
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Fig. 4 Shale and Limestone at Tuttle Creek Dam.
Schiste et calcaire au barrage de Tuttle Creek.
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really  an  exam ple o f  estim ating  a design streng th  from  the 
slope c h a r t ; ra th er it is included to illustrate  use o f  the ch a rt 
fo r ex trapo la ting  from  stable  slopes to  cuts o f greater height.

Conclusions

Exam ples have been selected to  indicate various m ethods 
o f  apply ing  a  field slope ch a rt for stab ility  studies o f  excavated  
slopes. T hey illustrate  how  a  m oderate  effort w ith such 
ap p roach  paid  d iv idends in slope design a t th ree o f  the 
w orld ’s largest ea rth  dam s. W hile these applications cover 
soft rocks, the ch a rt app roach  is also useful fo r soil slopes, 
p a rticu larly  in in terp reting  slide failures. T he charting  of 
field slopes is n o t a  panacea no r a replacem ent fo r labo ra to ry  
testing, b u t can serve to  guide judgm ent and to supplem ent 
the lab o ra to ry  and  geologic d a ta  in a  quite  positive way. 
I t follows the ph ilosophy tha t the m ost reliable answ er is 
often p rovided by “ in-situ testing” — in this case by  seeking 
to  in terp re t N a tu re ’s large scale in-place tests.

Special cred it is due M r. C. K . Sm ith (form erly  H ead, Soils 
Section on design o f  G arrison  D am ) fo r fu rther developing

the c h a rt approach  as previously  applied  on  the P anam a 
C ana l [5]. As a m a tte r o f  in terest, design strengths fo r clay- 
shales in P anam a, U .S. and  C anada [6 ] a re  com pared  in 
Fig. 5 —  in all cases derived  from  field slope charts o r from  
analyses o f  slides and  hence considered m ore reliable than  
values solely from  lab o ra to ry  tests.
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