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In Chapter Seven the concept of "pre-
vention" as opposed to "correction" is 
developed on the basis of whether the 
engineering problem is in the design or 
the maintenance stage at the time the 
engineer is confronted with its study. 
Such a distinction is warranted, because 
many aspects of the analysis will depend 
on whether an engineering structure is 
already built, and must therefore be pro-
tected or repaired, or whether it is under 
consideration for construction, in which 
case future damage is the chief concern. 

For both prevention and correction of 
landslide problems, it is well to remem-
ber that the word "problem" implies 
that a quantitative approach is desir-
able. Perhaps less obvious is the fact 
that an engineering problem is involved 
rather than an academic one. In many 
cases, the collection of all the data needel 
for a complete understanding of the 
movement is not justified. That is, the 
prevention and correction as defined 
herein are related to the solution of an 
engineering problem - not necessarily 
the prevention or control of a landslide 
—and a complete understanding of the 
slide may not be essential. 

Control and correction of landslides 
naturally have many elements in com-
mon with prevention, particularly be-
cause both preventive and corrective 
methods' to be used depend on differences 
in the same factors. Some of these fac-
tors are geology, topography, policy of 
the agency, experience of the investiga-
tor, type of structure involved and prob-
lems of legal liability. Prevention is more 
difficult than correction in respect to the  

identification of a landslide and esti-
mation of its probable severity, as well 
as to the psychological difficulty of pre-
dicting troubles to an economy-minded 
agency or client. On the other hand, cor-
rection is rendered difficult because of 
the myriad of methods that have been 
used with varying success and of the 
fact that the agency or client may not 
be able to afford an expensive correc-
tion, even though some treatment is nec-
essary. For problems in the correction 
stage, the limits and extent of the slide 
are generally well defined, and the seri-
ousness of the problem can be assessed. 
Certainly the quantitative approach is 
more reliable when the results of the 
movement are already available for 
study. On the other hand, lack of funds 
and of time for study are more often 
controlling factors in the solution of cor-
rective problems than they are for pre-
ventive ones. 

Recognition of actual or potential 
slides is one of the most important and 
critical factors in the solution of prob-
lems by preventive methods. In correc-
tion, the nature and amount of move-
ment are generally obvious, but even 
here the ability to predict and evaluate 
potential movement plays an important 
part because the stability of the area 
above, below, and on each side of the 
slide is of utmost significance. That is, 
it is essential to know whether the cor-
rective measure proposed will disturb or 
improve the condition of equilibrium of 
the surrounding areas. In many cases, 
indeed, this factor is a controlling one in 
the economics concerned with the selec-
tion of the proper solution. 
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Previous Studies of Corrective 
Treatments 

Much has been written on the subject 
of landslides, and the literature contains 
many descriptions of case histories 
throughout the world. Tompkin and Britt 
(1952) list 102 papers on specific land-
slides and 165 additional references on 
the subject of mass movement. Perhaps 
because of the inherent complexities of 
landslides, however, very few generali-
zations have been made with regard to 
their correction. More often than not 
the opinion that "landslides are individ-
uals" has been expressed; by inference 
or direct statement the thought is com-
monly included that generalizations are 
not practicable. During the past few 
years, however, more and more study has 
been made of the mechanics of landslides, 
with a corresponding increase in knowl-
edge of the general approach toward 
quantitative answers. 

One of the first articles that dealt ex-
tensively with many types of corrective 
measures was written by Ladd in 1928. 
In this article and in one in 1935, Ladd 
discusses many of the techniques that 
had been used in landslide correction up 
to the time of his papers, with comments 
on the feasibility and conditions for us-
age. His approach is entirely empirical, 
with strong emphasis on- treating the 
"cause" of the slide. Several papers by 
Terzaghi also deal with techniques of 
correcting landslides (Terzaghi, 1939, 
1950; Terzaghi and Peck, 1948). No spe-
cific effort is made by Terzaghi to dis-
cuss all of the many available methods 
of treatment, as he concentrates primar-
ily on the mechanics of landslides; he 
suggests that the principal cause of many 
slope failures is hydrostatic pressure 
(Terzaghi, 1950). Hennes (1936) consid-
ers the theoretical application and prac-
tical use of various corrective measures, 
and proposes a quantitative approach 
for determining pile spacing. He also 
deals at some length with proper appli-
cations of drainage techniques. Califor-
nia experiences with various methods of 
correction have been discussed by Root  

(1955) and others. Baker (1952) sug-
gests a theoretical approach to the de-
sign of corrective measures based on 
the mechanics of movements and the im-
portance of economic factors. Theoreti-
cal analyses of specific slides have been 
discussed in recent years by Krynine 
(1930), Palmer (1950), Larew (1952), 
Ireland (1953), Berger (1955), and 
others. 

Available Methods for Control 
and Correction 

The most commonly used methods of 
prevention and correction of landslides 
are listed in Table 4, Chapter Seven; 
their special applications to problems of 
correction are described in the latter 
part of this chapter. The methods are 
divided into five principal groups - 
avoidance, excavation, drainage, re-
straining structures, and miscellaneous 
- each of which has a somewhat char-
acteristic effect on the stability of a 
landslide. 

Avoidance techniques, as the name 
implies, solve the problem by completely 
avoiding the moving mass. Excavation 
treatments rely primarily on the removal 
of a sufficient quantity of the moving 
mass to reduce the motivating force, 
thus eliminating or ameliorating the 
problem. Drainage methods depend on 
the removal of water from the mass or 
on the interception of water before it 
enters the moving mass. Restraining 
structures either impose resistance in 
the path of the moving mass, or under-
pin the endangered structure. Miscel-
laneous methods may use any of sev-
eral means for controlling the movement. 

Not all of the methods that can be or 
have been used are listed in Table 4, 
or are described here. Moreover, many 
combinations of those methods listed 
have been successfully employed. 

Investigations Needed 

Early in the investigation a decision 
should be made as to whether an at-
tempt will be made to control the move- 
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ment. There are numerous corrective 
measures which do not involve halting 
the movement of the landslide. Reloca-
tion of a highway is a typical example 
of a corrective treatment that solves 
the problem without necessitating con-
trol of the slide itself. It may be diffi-
cult or undesirable to be committed to 
such a decision early in the investiga-
tion, although time limitations may make 
an early decision essential. The advan-
tages of an early decision against con-
trol of the slide lie chiefly in the sav-
ings that can be realized in the investi-
gation. It is not unusual for a landslide 
investigation to cost as much or more 
than the correction. This expense usual-
ly can be justified on the basis of fu-
ture maintenance savings or of a bet-
ter position from a legal standpoint. It 
is important, however, to consider wheth-
er any results that could be developed 
by a thorough study would result in a 
more certain design or a less expensive 
correction than could be accomplished 
with little or no investigation. 

There is no set rule as to the amount 
of data that should be obtained for a 
given landslide problem. There are, how-
ever, certain data that are required for 
each method of correction. The kind and 
amount of required detail are related 
also to the size and seriousness of the 
problem. For very small slides, the quan-
tity of moving material may be the 
only fact required. For very large land-
slides that involve considerable expense 
for correction and where there is no 
particular urgency, complete geologic 
and soil analyses may be both desirable 
and feasible, if not, indeed, essential. 

Some corrective measures are particu-
larly suited to a mathematical approach 
for a quantitative design of the correc-
tion. The general principles involved 
and the application to various corrective 
measures are discussed in full in Chapter 
Nine. Almost without exception, com-
plete data will be necessary if a reliable 
quantitative approach toward control of 
the movement is desired. 

Factors in Selection of 
Corrective Measures 

Many factors must be considered in a 
landslide analysis. Just as solution of 
any maintenance problem involves some 
principles that differ from those to be 
applied to original construction design, 
so are some factors peculiar to correc-
tive treatments as distinct from pre-
ventive ones. Some of the major factors 
that enter into the selection of a correc-
tive measure are described in the para-
graphs that immediately follow. Some 
of these have to do with the geology of 
the slide; others are more closely re-
lated to engineering or economics. Taken 
together, they should serve to re-em-
phasize the fact that proper selection 
and design of a corrective or control 
treatment can only be based on tho-
rough knowledge of the basic facts. 

LANDSLIDE TYPES 

The three basic types of landslide 
movement, as shown in the classification 
chart (P1. 1), are falls, slides and flows. 
This classification was developed in part 
through recognition' of the fact that 
three fundamentally different principles 
govern the movement of the various 
types of landslides. Falls (Figs. 41 and 
94) are influenced by the laws of free-
falling bodies and by the chemical and 
mechanical disintegration of rock; slides 
(Figs. 16 and 95) are failures in elas-
tic or semi-elastic materials; and, flows 
(Fig. 30) follow the principles of plastic 
flow of fluid and semi-fluid materials. 
This means that certain generalizations 
can be drawn as to the type of correc-
tive measures to be employed for the 
various groups. In Table 4, Chapter 
Seven, the relative frequencies in appli-
cation of various corrective measures to 
the several types of landslides are given. 
Detailed descriptions of the individual 
methods are given in succeeding pages, 
and the following represent general 
comments only. 
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Figure 91. torht iii to 	tate Ito U te 7 coiit Ito ,'t of Marietta Oh io. This rockfall in jointed massive sand- 
steno of Permian age occurred after a period of intensive rainfall. It is one of several large falls that 
have occurred on this route since 1940. The fallen pieces came from a massive bed, the base of which lies 
on shale which makes up the lower 15 feet of the cut slope. (Photograph courtety of Engineering Experi-

mint SUttion Newo, Ohio State University. April 1950) 

Falls 

Most falls are corrected by one or a 
combination of the following methods: 
relocation, flattening the slopes, bench-
ing the slopes, and surface drainage. 
Other methods are also applicable to 
some falls. Until recent years the low 
cost of labor for wall construction per-
mitted the use of bricks, stone, and thin 
concrete walls to insulate weak bedrock 
formation from the detrimental effects 
of weathering. Figures 96 and 97 illus-
trate methods for reducing damage from 
rockfall by protection with steel mesh 
and with a wire fence and concrete wall; 
Figure 90 shows an application of an-
chor bolts to this problem. Perhaps the 
most frequently used method for con-
ti-oIling rockfall is through excavation. 

It will be noted that relatively few 
methods of correction are frequently 
applied to the solution of falls. It is also  

evident that solutions such as retaining 
devices and subsurface drainage are sel-
dom as applicable to falls as they are 
to slides and flows. Fortunately, falls are 
readily differentiated from the other 
types of movement and the problem of 
preventing or adj usting for weathering 
failures can be recognized and treated 
accordingly. 

Slides 

The following types of corrective 
measures are recommended for use in 
the correction of slides: 

Relocation. 
Excavation by removal of the 

head, flattening of slopes, benching of 
slopes, or complete removal. 

Surface drainage by open ditches, 
regrading the surface. or sealing of sur-
face cracks. 
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I',gure 	IS. landslide inFell Ilcille. IF tiiiI 	lilillill 	III, I. S. 	lti,iite 	lip, (.uriisi 
'i County, Ohio. bis slide was eliminated by total esras ation of the moving fill 

and underlying soil down to a level bench in the bedrock. After obtaining a 
stable foundation on bedrock and providing a drainage course up the excavated 

hacksiope. the fill was reconstructed and has shown no further movement. (Photo- 

graph courtesy of Ohio Department of 1-Iighwaysl 

Subdrainage by horizontal drain-
age, drainage trenches, or tunnels. 

Rock and earth buttresses at the 
foot.  

Cribs and retaining walls. 

Piling. 

S. Blasting. 
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Figure JO. %cre mesh used to control rockfnll near Kelso. Wash. 'the mesh is made of No. 9 wire and is 

intended to prevent rock from this 170-foot-high slope from plunging onto the highway. The rocks con-

tinue to come down. but are held against the slope and drop harmlessly into the ditch (Day. 1(153). (Photo-

graph rccurtmy of American Hoist and I)errick ('ompany. St. Paul. Minn.) 

All of these methods, except reloca- piling and l)lastiilg methods should. 
tion. can be used to stop mass move- however, be limited to control of small-
ment. Buttresses, cribs, retaining walls, scale slides, because they are seldom 
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Figure 97. Wire fence and concrete wall used to protect railroad and highway from rockfall debris. Also 
note multiple benches for debris catchment on upper part of cut near Harrisburg. Pa. The fence is equipped 

with electric warning devices to svarn trains of danger. (l'hotograph by Pcnnsslvania Department of 
Highways) 

completely effective on larger ones. For 
those situations where there is danger 
to the structure through undermining, 
cribs, retaining walls, and 1)11mg are 
commonly used to provide underpinning 
for the foundations of the structure 
without regard to the size of the land-
slide. 

Many factors in addition to the type 
of movement will influence the selection 
of the type of treatment, as is obvious 
from the long list of the possible methods 
of correction. Guides to the decision as 
to the technique to be used are related 
to experience, economics, characteristics 
of the treatment, etc. It is important 
to note, however, that there is a greater 
variety of potentially good methods for 
correction of slides than for correction 
of either falls or flows. 

It is conceivable that the misuse of 
certain corrective measures is related 
to the failure to differentiate between 
slides and flows. In slides, there is sig- 

nificant amount of resistance to move-
ment because of the inherent shearing 
resistance of the soil. This natural re-
sistance can be improved or increased 
by one of several techniques. Also, the 
motivating forces that cause movement 
(-,in be more effectively reduced in slides. 
This is due to the fact that curved sur-
faces of rupture are more common in 
slides than in flows; this factor permits 
the removal of greater bulks of the con-
centrated mass that is producing the 
force. Neither of these two advantages 
are commonly present in flows, for 
there the shearing resistance is fre-
quently negligible and the surface of 
rupture is rarely curved. Because there 
is little inherent shearing resistance in 
most flows, retaining devices placed in 
their paths are quite likely to receive 
the entire force of the moving mass. 

In summary, in choosing the types of 
corrective measures to be used in a 
given slide problem, consideration 
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should be given to the available resis-
tance within the mass, as well as to the 
possibilities of effectively reducing the 
motivating force. 

Flows 

The following techniques are used 
most frequently for control of flow move-
ments: 

Relocation. 
Excavation by flattening the 

slopes, benching the slopes, and com-
plete removal. 

Surface drainage by open ditches, 
regrading surface, and sealing surface 
cracks. 

Subdrainage by horizontal drains 
and by trenches. 	- 

As is the case with slides, when the 
structure foundations are threatened by 
a shallow flow, cribs, retaining walls, 
and to a lesser extent piling, can be 
used as underpinning near the head of 
the flow. 

Restraining structures that are de-
signed to control the landslide are rare-
ly to be recommended for flows. In some 
special situations involving small quan-
tities of moving material, however, such 
structures may prove effective. 

Bridging is used more frequently for 
flows than for either slides or falls. This 
is primarily because bridges are most 
economical on long narrow slide move-
ments, such as characterize many flows. 

Drainage, removal, and avoidance are 
the methods most likely to be effective 
for flow conditions. Drainage, in particu-
lar, should be considered. Since the mov-
ing mass is a plastic, semi-fluid, or fluid 
material, the removal of water should 
add immeasurably to the resistance to 
movement. Few flows originate due to 
hydrostatic pressures, but many slides 
produced by hydrostatic force develop 
later into flows. 

Blasting is not recommended for flows 
except in cases where the movement is 
extremely slow, or less than one foot 
per year. Because flows do not possess  

significant shearing resistance, the bet-
ter drainage produced by blasting would 
represent the entire benefit. 

The conversion of slides into flows 
probably occurs more frequently than 
is generally recognized. Many clayey 
soils are quite "sensitive," in that a 
slight change in soil particle arrange-
ment will produce a tremendous differ-
ence in the shearing resistance of the 
material. In such instances, correction 
of the problem may involve a completely 
different analysis and solution than 
would prevention. In the case of cor-
rection, a flow would be involved, where-
as in the design or preventive stage the 
elimination of à shear failure or plastic 
flow could be considered. 

CONTRIBUTING FACTORS THAT CAUSE 
LANDSLIDES 

Chapter Three summarizes the nu-
merous contributing factors that, act-
ing separately, or together, can cause 
landslides, and makes clear that there is 
rarely a single "cause" for any given 
landslide. 

T.here should be no disputing the value 
of determining the "principal cause" or 
major contributing factor, particularly 
for solution of legal problems. However, 
emphasis on search for the "cause" of 
movement has too frequently led to the 
conclusion that the movement can only 
be controlled by treatment of that cause. 
Actually, recognition of the fact that 
there are commonly multiple contribut-
ing factors makes it obvious that there 
also can be more than one solution to a 
given slide problem, and that treatment 
of any one of the causative factors will 
lead to a more stable condition. 

The three principal reasons for deter-
mining the contributing factors that 
cause a landslide are as follows: 

To aid in the determination of the 
most economical correction. 

To help in the analysis of legal 
liability. 

To provide guides for the preven- 
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tion of similar landslides in the future. 

Recognition of the causes can prevent 
misuse of a corrective measure, but un-
fortunately this recognition alone can-
not produce a quantitative answer. 

The most serious result of failure to 
recognize a contributing factor that has 
helped cause a slide lies in the consequent 
inability to analyze the effect of that 
factor on a proposed corrective treat-
ment. If the factor is ignored and is in 
reality a major or controlling influence, 
only temporary stability may result. This 
will be true regardless of whether a 
mathematical or empirical approach is 
applied to the problem. Even if avoid-
ance methods are selected, or if the 
chosen treatment does not involve con-
trol of the movement, failure to recog-
nize all of the contributive causes may 
mean that the correction applied may 
not have been the most economical solu-
tion to the problem. 

In many cases water is recognized as 
the most important single cause of move-
ment, and the conclusion is reached that 
drainage is the only answer. But what 
of the other contributing factors? Cer-
tainly the reduction in the effect of any 
single cause will produce a more stable 
condition. 

In summary, it can be repeated here, 
as elsewhere throughout this volume, 
that the better the understanding of the 
history of a landslide - that is, of all 
the factors that caused the movement - 
the better and more certain will be the 
corrective treatment that is finally 
adopted. 

MOTIVATING AND RESISTING FORCES 

The control of the movement of slides 
and flows involves application of one or 
both of two basic principles: (a) reduc-
tion of the motivating force, and (b) 
increase of the resisting force. 

The motivating force is the weight of 
the mass; more specifically, it is that 
component of the weight that parallels 
the surface of rupture, or slip-surface. 
If, as is usually the case, the slip-sur- 

face is curved, the bulk of the motivat-
ing force will come from the area that 
overlies the steepest portion of the slip-
surface. It is important to note that 
there are no forces other than gravity 
that tend to cause movement except hy-
drostatic forces under certain conditions 
and the rather infrequent instances that 
involve vibration. Reduction of motivat-
ing force thus requires removal of ma-
terial, and selection of the proper area 
from which it can be moved most ad-
vantageously. 

Increase in the resisting force can be 
accomplished by means of retaining de-
vices, by drainage methods, or by tech-
niques that increase the internal shear-
ing resistance of the moving mass itself. 
Actually, the principal effect of drain-
age may well lie in the increase of 
shearing resistance rather than in the 
nominal decrease in weight, hence of 
motivating force. Most of the shearing 
resistance within a soil or rock mass is 
attributable to frictional resistance and 
cohesion; quantitatively it depends on 
the component of the weight of the mass 
that is perpendicular to the surface of 
rupture. Frictional resistance is low in 
clayey soils, but high in other soils and 
in rock. Cohesion, of course, is not a 
factor in noncohesive granular materials, 
but is in clayey soils and in rocks. 

PERMANENCE OF CORRECTIVE MEASURES 

In terms of geologic time, there can 
be no permanent correction of a land-
slide - man can provide only a delaying 
action in the natural processes that tend 
to level the earth's surface. If the right 
conditions prevail, however, he can make 
an appreciable permanent change in the 
rate of downslope movement; even then 
the normal processes of erosion will con-
\tinue to remove material from high 
places and deposit it in the low ones. 
From the standpoint of the engineer, 
however, permanence can be assessed 
in terms of human time; in this, the de-
sign life of the structure to be repaired 
or corrected is the most significant value 
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in estimating the permanence of a cor-
rective measure. 

Inasmuch as nature may be placing 
the landslide under a constantly chang-
ing set of conditions, it is difficult to de-
termine the degree of stability unless 
movement has already occurred. For cor-
rective measures, this factor is available, 
whereas for prevention the degree of 
stability may be much less evident. Even 
if failure has already taken place, there 
is no assurance that more severe con-
ditions will not develop within the land-
slide after the correction has been made. 
Therefore, consideration must be given 
to the variable factors, particularly seep-
age and hydrostatic pressures, which will 
tend to change during the lifetime of the 
structure. 

To estimate the degree of permanence, 
a quantitative approach is essential. 
Without it, the investigator must rely on 
experience - and no real assurance of 
stability can be based solely on experi-
ence without excessive over-design. As 
explained more fully in Chapter Nine, 
the degree of permanence can be ex-
pressed as a "safety factor." Naturally, 
the higher the safety factor the more 
confidence can the investigator place in 
continued stability of the ground he is 
investigating. Lack of funds may tend 
to prevent achievement of high safety 
factors in the solution of many slide 
problems, hence a safety factor of 1.5 
or more must be considered as an in-
dication of relative stability. Factors of 
1.0 to 1.25, on the other hand, indicate 
that the corrective method applied is only 
an expedient and that maintenance or 
repair can be expected in the future. 

RELATIVE POSITION OF THE STRUCTURE 

The position of the structure on the 
landslide is an important consideration, 
particularly for slides. Three relative 
locations can be considered - near the 
head, near the middle, or near the toe. 
The value of. the properties above and 
below the landslide may be critical fac-
tors, as legal actions may result from 
further landslide movement. 

The following is a brief summary of 
the effect of the relative position of the 
structure on the economics of the vari-
ous corrective treatments: 

Rlocation - generally unaffected; 
if the structure is near the middle of a 
small slide, relocation may not be eco-
nomical. 

Removal of head - not normally 
practical when the structure is near the 
head of the slide. 

Flattening slopes - most frequent-
ly applicable when the structure is at 
the toe of the slide. 

Complete removal - in itself, only 
applicable when the structure is near the 
toe of the slide. 

Lower grade line - only applicable 
when the structure is near the head of 
the slide. 

Surface drainage - rarely the only 
corrective measure needed; always de-
sirable in combination with other meth-
ods. 

Horizontal drainage - applicable 
regardless of the position of the struc-
ture. 

Drainage trenches - not inaterial-
ly affected by the position of the struc-
ture. 

Buttresses - not materially af-
fected by the position of the structure. 

Cribs, retaining walls, and pil-
ing (fixed) - especially useful as un-
derpinning when the structure is at the 
head of the slide and the depth of move-
ment is shallow; otherwise not material-
ly affected by the position of the struc-
ture. 

Piling 	(not 	fixed) - recom- 
mended only for small, shallow slides and 
for structures near the head. 

Blasting - applicable only when 
the structure is near the head of the 
slide. 

ECONOMICS 

Economy of time and money frequent-
ly exercises a controlling influence in the 
analysis of a corrective problem and in 
choice of treatment method. This does 
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not imply that incomplete or inadequate 
engineering and geologic studies are de-
sirable, but rather that the economics 
of the situation must always play a con-
trolling part in the investigation. After 
all, it is the engineer's job to accomplish 
any task with maximum economy and 
within the time and emergency condi-
tions that exist. 

If more than one method of correc-
tion is applicable to a given slide, which 
one should be used? The answer is, 
simply, the one which is most economical. 
There are many facets to this phase - 
property liability, danger to life, main-
tenance costs, design life - and all of 
the many variables in the cost picture 
are involved. No exact answer is pos-
sible, but none of the economic factors 
should be excluded from the thinking of 
the investigator. In some instances, agen-
cy policy may specifically define some 
items in the long-range economy; in 
others, only rough approximations may 
be possible. The final choice between sev-
eral methods may not belong to the tech-
nical investigator, but may rest with a 
policy maker; he must be given a com-
plete picture of the alternatives. 

The problem of economy is a con-
stant one in the highway engineering 
field, as it is in most other engineering 
areas: In many cases, the cost of main-
taining a road affected by a landslide is 
less than that of a corrective treatment. 
Decisions on such situations may re-
quire assumptions that loss of life is 
not a real threat, and that driver com-
fort- has no financial value. However, 
many legitimate instances will occur in 
which maintenance is a better solution 
than an inexpensive corrective measure 
which will not eliminate future expendi-
tures or hazards in a permanent way. 

Methods for Control and Correction 

In the following pages, there are de-
tailed descriptions of the various meth-
ods of control and correction. The gen-
eralizations given herein should be care-
fully evaluated for any specific problem 
and area with which the engineer is  

concerned. B-lind use of the information 
could lead to disastrous failures. 

AVOIDANCE METHODS 

Relocation and bridging are the prin-
cipal avoidance methods in common use. 
Both these techniques avoid the land-
slide, but in so doing they do not in 
themselves influence the stability of the 
area. In fact, if stabilization is an es-
sential part of the problem, some addi-
tional measure will have to be combined 
with avoidance techniques. 

The use of relocation and bridging 
methods is discussed in Chapter Eight. 
Both methods are probably more gen-
erally applicable to treatment of poten-
tial landslides than of active ones, but 
they can also be applied to many correc-
tion problems. They should, indeed, al-
ways be considered in the analysis of 
such a problem and compared with other 
available techniques. In many cases, par-
ticularly in mouitainous terrain, the 
dangerous area can be avoided with a 
minimum of cost and an improvement 
in alignment. In other cases, of course, 
the avoidance technique may be too ex-
pensive, or alternate grade and line may 
be undesirable. Again, the policies of the 
organization concerned may place limi-
tations on the use of avoidance methods. 

The major advantage in the use of 
avoidance techniques is the assurance 
of stability. There is no other method, 
except complete removal, which will be 
as certain to correct the problem perma-
nently. Another advantage, on occasion, 
is the fact that the alignment can be 
improved. 

One disadvantage lies in the physical 
difficulties that are often produced by a 
location change or by construction of a 
bridge. In many cases avoidance meth-
ods will represent the most costly cor-
rection under consideration. On high-
ways, there may also be instances where 
a satisfactory relocation would produce 
very undesirable alignment. Another 
factor that must be considered is that 
of legal liability; avoidance methods do 
not control the land movement, and if 
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further liability may develop, a stability-
producing measure may be necessary 
simply to avoid the danger of future law-
suits. 

Relocation 

In comparing a proposed relocation 
with other possible corrective measures, 
it is well to keep in mind that a relo-
cation to a firm foundation may well 
offer the most certain solution to the 
problem. This is particularly important 
if the engineer's recommendations must 
be evaluated by nontechnical supervisors 
or clients. 

The avoidance of a landslide by relo-
cation of the highway or other structure 
will be most useful in areas where firm 
bedrock is exposed. If the structure is 
near or at the head of the slide, and if 
bedrock is exposed or near the surface 
on the uphill side of the structure, im-
mediate consideration should be given 
to the feasibility and economics of a re-
location. In an area near Huntington, W. 
Va., for example, relocation was consid-
ered to be the most feasible correction, 
even though this would have meant ex-
cavation of the new roadway in solid 
rock. 

If the structure is near the toe of a 
slide, it may be feasible to relocate it 
farther downhill, or below the slide. If 
this solution is adopted, however, one 
must be certain that there is no chance 
that renewed movement of the landslide 
will endanger or destroy the relocated 
structure. 

Except for very small slides, where 
relocation may represent, percentage-
wise, a very great cost, the magnitude 
of the landslide movement does not par-
ticularly affect the decision as to the 
use of this method. All corrections for 
large-scale land movements are expen-
sive, and a relocation may very well 
qualify as the most economical method. 

In addition to consideration of rela-
tive costs, any recommendation for a re-
location must take certain other definite 
requirements into account. That is, the 
relocation must be satisfactory from a  

utility standpoint. For instance, the new 
grade line, drainage and other features 
of a highway must be acceptable. Again, 
it must be known that the ground above 
or below the proposed relocation will be 
stable in,- the future, hence that no new 
landslide problem will be precipitated. 
Finally, every consideration must be 
given to any legal or other reasons that 
dictate control or elimination of the land-
slide rather than mere avoidance of the 
problem. 

Bridging 

Bridging a landslide consists of span-
fling the moving mass with a structure; 
it is rarely practical because of the nor-
mally high costs of bridges. The perma-
nency of the measure, as well as the op-
portunity that it offers to retain desired 
grades and alignments, renders the tech-
nique useful on occasion. Use of the 
technique is virtually restricted to land 
movements on steep slopes, and to those 
areas where relocation is neither feasible 
nor desirable (Figs. 63 and 64). For 
slopes flatter than 2:1, other techniques 
are commonly cheaper and more feasible 
than is bridging. Bridges are commonly 
applicable only to small landslides, or at 
least to those that are long and narrow, 
and perpendicular to the direction of the 
bridge. For slides that require bridge 
lengths greater than 100 to 300 ft it is 
doubtful if the method will compare 
economically with other possible correc-
tions. 

The feasibility of building a bridge to 
span a slide may also be affected by the 
depth and quantity of the moving mass 
itself. This is true if the length of the 
landslide, parallel to bridge centerline, 
is sufficiently great to require one or 
more center piers. Piers can, of course, 
be placed within the moving mass, but 
only if the overburden is shallow (less 
than 10 ft) and if the moving material 
cannot produce excessive lateral thrust 
against the piers. 

Particular care must be taken to avoid 
placing the bridge abutments on material 
that may subsequently give way due to 
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undermining caused by further move-
ment of the landslide, by weathering of 
exposed bedrock, or by stream erosion 
or other causes. 

EXCAVATION METHODS 

Excavation methods are designed to 
increase' the stability of the landslide 
mass by reducing the forces that cause 
movement. As shown in Table 4, Chap-
ter Seven, the chief excavation methods 
used for prevention or correction of land-
slides are (a) removal of head, (b) flat-
tening of slopes, (c) benching of slopes, 
and (d) complete removal of all unstable 
material. A fifth possible method, that 
of lowering the grade line, can be con-
sidered as a subtype of the head-removal 
method, although it may amount to re-
location in some instances. 

Adoption of an excavation method 
can and should result in a relatively per-
manent solution to a given landslide 
problem. This permanency will only be 
attained, however, if the investigator has 
evaluated the probable improvement in 
stability accurately and if the excavation 
is properly designed and carried out. 
Generally speaking, excavation methods 
are more applicable to prevention of 
slides than to correction, because unit 
costs for the relatively large amounts of 
earthwork required are generally lower 
on new construction projects than they 
are on repair jobs. Some landslides, how-
ever, threaten existing structures and 
require excavation or removal. In such 
cases, removal of toe material to pro-
tect the structure may require removal 
of additional mass higher on the slide 
in order to reduce the stresses. 

Excavation of part of a landslide may 
also permit better use of land, for land-
scaping or other purposes, that was hith-
erto worthless because of the hummocky 
and swampy character of the landslide 
body. Properly done, excavation should 
also lead to improvement in surface 
drainage. Moreover, subsurface drainage 
of many slides is feasible after removal 
of part of the slide material (Figs. 104 
and 107). 

The chief disadvantage in the use of 
excavation methods lies in the cost of 
correcting large slides. Property rights 
also pose economic and legal problems, 
for landslides do not limit themselves to 
property lines. Most of the excavated ma-
terial must be wasted; this may be a 
large factor in the costs in areas where 
waste disposal sites are rare. Another 
disadvantage to this method lies in the 
fact that for most slides excavation must 
start at the top and work downward. 
Such procedure almost inevitably means 
increased unit costs. 

Excavation techniques are frequently 
used for the control of all the classes of 
landslides. These methods, however, are 
best adapted to slides that are moving 
downslope toward a manmade structure; 
they are rarely effective for slides that 
threaten the installation by undermining 
of material on its 'downslope side. It must 
be remembered that excavation pro-
cedures may reduce resistance to move-
ment at the same time that they reduce 
movement-causing stresses. Net  benefit 
can thus be realized only by removal of 
that part of the moving mass that pro-
duces more stress than resistance. 

The size of the slide also affects the 
applicability of this general method. Com-
plete removal can, of course,' be applied 
only to relatively small slides. The term 
"small" is relative, however; some or-
ganizations consider that quantities of 
10,000 to 30,000 cu yd are insignificant, 
whereas others consider such quantities 
as large-scale operations. 

Decision as to whether or not to adopt 
an excavation method can be based, at 
least in part, on economics. By deter-
mining the quantity of material that 
must be moved to reduce the stress to a 
safe level, the cost can be compared to 
other available techniques (Peck and 
Ireland, 1953). Generally, excavation 
methods may prove to be most econom-
ical for slides that involve anywhere 
from 20,000.to 2,000,000 cu yd of mov-
ing material. For very large slides, how-
ever, any excavation technique may be 
prohibitive in cost. In some such cases 
the flattening or benching of a newly 
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cut slope may produce stability at the 
toe and prevent upward migration of the 
movement. In other cases, however, it is 
more economical and safer to unload the 
upper part of a slide, even if it is very 
large. The Cameo slide on the Denver & 
Rio Grande Railroad above the Colorado 
River is an example of this kind (Fig. 
100). 

In considering the use of excavation 
methods, it is important to know whether 
the landslide should be classed as a fall, 
a slide, or a flow, and whether the slip-
surface is curved or straight. It is also 
essential to know whether the failure 
developed at the toe of an excavation, 
thence proceeded upslope, or movement 
developed simultaneously throughout the 
slide area. These points are further ex-
plained in the paragraphs that follow. 

Rock Slopes 

The use of excavation methods in the 
correction of rockfalls, rockslides, and 
related types of movements in bedrock 

,is rather widespread. In addition to re-
moval of broken material that has ac-
tually fallen on the structure or that 
endangers it, the most logical use of ex-
cavation methods lies in benching or 
flattening of the slopes. In some in-
stances, of course, flattening of the slope 
will be of no lasting benefit because the 
character and geologic structure of the 
rock cause it to assume very steep slopes 
with time, regardless of the slope to 
which it is originally cut. 

The following basic principles are in-
volved in arriving at the proper slope for 
any rock excavation: 

1. Primarily, the design must seek 
to eliminate or minimize future mainte-
nance costs that may arise from weather-
ing or erosion of the exposed bedrock. 
On highway cuts the debris from the 
exposed face tends to clog ditches, re-
sulting in pavement failures; to block 
shoulders at curves, thus narrowing the 
usable and safe width of the road; and 
-to produce rockfalls on the pavement it- 

self, with consequent danger to drivers 
and vehicles. 

The completed slope must be as 
steep as is feasible in order to maintain 
excavation quantities, hence costs, at a 
minimum. This requirement, combined 
with the first, serves as a bracket for 
the design problem. 

The proper design of slopes in 
rock is directly related to the geologic 
characteristics of the rock itself. The 
original nature of the rocks, as well as 
the degree, character and rate of weath-
ering and other alteration, all play a part 
in determining the slopes at which they 
will remain stable. Even more impor-
tant than these features are the struc-
tural ones, such as character, spacing and 
dip of bedding planes, faults, and joints, 
as well as the interbedding of rocks with 
different physical makeup. All of these 
features vary so much from rock to 
rock and from place to place that few 
if any general correlations can be drawn 
between rock properties and slope de-
sign. The design should, if at all pos-
sible, be based on the results of a tho-
rough geologic investigation. Lacking 
this, the best known technique is to base 
it on observations of artificial and nat-
ural slopes on the same geologic ma-
terials in the immediate area. Figure 84 
shows an ingenious method of maintain-
ing a very steep cut in rock that would 
otherwise have required a low slope angle 
or multiple benches. 

In addition to the three principal 
factors just given, proper slope design 
must also give consideration to such 
things as the relative costs of moving 
large or small quantities of material, 
of possible questions of legal liability, 
of the effects of climate on future weath-
ering and erosion, of the effect of blast-
ing methods employed, and of the prob-
able increase or decrease in safety to 
users of the structure. 

Three main kinds of slope design are 
currently used for highway excavations 
in bedrock. These are (a) a itniform slope 
from ditch-line to the top of the slope, 
(b) a slope consisting of straight sec- 
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Figure 98. Cuts as high as 190 feet made in alternating horizontal layers of shale and sandstone for the 

West End Bypass at Pittsburgh, Pa. The design includes use of a single 16-foot-wide bench at varying 
heights above the roadway, with 1/4:1 to 1/2:1 slopes for the material below the bench and 1:1 slopes 
above it. This is a typical cross-section for one of the deeper cuts, showing borings and details of slope 

and slope drainage. (After Roads and Streets, 1950) 

tions at varying angles (Fià .98), and 
(c) straight slopes separated by near-
horizontal benches (Fig. 65). 

The chief problem in designing a uni-
form slope is to determine its proper 
angle. This will be related to the height 
of the cut, as well as to the kind and 
geologic structure of the material. In 
any one locality there appears to be a 
maximum height at which the weaker,  
rock materials tend to maintain stabil-
ity on a given slope. This factor can 
only be determined through local knowl-
edge. On the other hand, some of the 
stronger and more massive kinds of rock 
may tend to break only along near-ver-
tical faces, thus placing practical diffi-
culties in the way of excavating uniform 
slopes 'at lower angles. Again, if differ-
ent kinds of rock (such as shale, sand-, 
stone, and limestone) are interlayered, 
a uniform slope across the different kinds  

will commonly result in improper de-
sign for one or more of the layers. For 
most small cuts' (those less than 20 ft 
high) uniform slopes are probably the 
best and cheapest solution. For all larger 
cuts, full account must be taken of the 
geology in determining the angle of a 
uniform slope. 

'Variation 'of the slope angle to cor-
respond with differences in the under-
lying materials is essential in some situa-
tions. It permits use of the proper and 
most economical slopes for each of the 
geology. In some cases such a study 
also reduce erosion on long slopes. Its 
main drawback lies in the absolute neces-
sity for detailed investigation of the 
geology. In some cases such a study 
would cost more than would an over-
design, or a uniform slope, based on a 
minimum of data. In many places, how-
ever, differences in durability and per- 
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meability of the various rock layers ab-
solutely require different slopes for each 
kind of rock if rockfalls and mainte-
nance expense are to be kept at a mini-
mum. This is true, for example, of the 
interbedded sandstone, shale, clay and 
coal of the Allegheny Plateau rocks of 
Pennsylvanian age (see Fig. 73) ; it is 
also true of the less durable limestone, 
shale and clay of the basal Permian 
rocks in eastern Kansas. In long cuts, 
it is not uncommon to pass through the 
weathered zone and into unweathered 
rock toward the middle of the cut. If the 
strata are continuous through the cut 
this may well result in requirements for 
two different slope angles for the same 
bed. Thus, the design slopes on in-
dividual beds should take into account 
the degree of weathering as well as the 
type of rock. 

The choice of benched slope, with 
either uniform or variable angles of 
slopes between the benches, assumes that 
a certain amount of disintegration is in-
evitable on newly-exposed rock faces. 
Furthermore, even if observational data 
are sparse, it is generally possible to 
establish a reasonable balance between 
present and probable future costs. Bench 
designs are based on three variables, as 
follows: 

Width of benches. 
Vertical height between benches. 
The slope angle between the 

benches. 

If an accurate estimate of the geologic 
characteristics of the bedrock is not 
available this method is more satisfac-
tory than the others previously de-
scribed. For shales and similar rocks, 
the erosion problem is reduced by use of 
a bench design because of the reduction 
of velocity of water that moves down 
the sloping exposures and onto the 
benches. Generally, the construction is 
simpler with benches than with a uni-
form slope, as steep slopes between 
benches are feasible. Finally, for most 
materials the slopes between benches 
can be steeper than the ultimate, be- 

cause the weathering products will be 
intercepted by the benches. The proper 
location of the benches is directly re-
lated to the character and variations in 
the bedrock encountered, but it also is 
controlled in part by the safety factor 
desired for the prevention of rock debris 
in the ditchline as well as on the shoulder 
and pavement. 

Many engineers consider benches as 
"clean-off" areas; that is, areas from 
which debris will be removed periodical-
ly, thus making room for additional 
weathered material. It is true that 
benches do permit such a procedure, and 
cleaning the bench may be necessary if 
the rate of weathering of the bedrock 
has been underestimated. To produce a 
maintenance-free condition, however, the 
debris on the benches should remain as 
insulation against continued weathering 
of the bedrock; ultimately the surface 
should be seeded. 

A final factor that must be considered 
in design of a benched slope is the di-
rection of the transverse slope on the 
bench itself. Many engineers prefer that 
the benches slope away from the road-
way, whereas others prefer to have them 
slope toward the, road. A roadward slope 
permits immediate runoff of surface wa-
ter. This means that there is somewhat 
less tendency toward sliding of clayey 
debris that accumulates on the roadward-
sloping bench because the material will 
be well drained. On the other hand, 
clayey material that piles up on a bench 
sloped away from the road will hold wa-
ter, remain plastic, and may eventually 
slide. Again, the runoff from a road-
ward-sloping bench may well cause seri-
ous erosion of the slopes below it. Where 
rock is. involved, a bench that slopes in-
to the hill tends to resist sliding of rock 
debris, whereas a roadward slope may 
encourage movement of debris onto the 
lower slopes. 

In general, it is recommended that 
the bench should be sloped away from 
the road in cases where 'little or no 
clayey material is expected to accumu-
late. If this is done, however, longitudin-
al drains along the inner edge of the 
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bench are highly advisable if not, in-
deed, essential. In most other cases the 
slope should be toward the road. 

Figure 65 shows the successful use 
of multiple benching in bedrock. Figure 
99 shows the dimensions and slopes used 
by the West Virginia Highway Depart-
ment for designing benched cuts in bed-
rock. These recommendations are em-
pirically correct for most of the geo-
logic formations in West Virginia; they 
are also applicable, within limits, to 
equivalent formations elsewhere. It must 
be remembered, however, that terms like 
sandstone and shale are loosely defined 
by geologists, and are applied to rocks 
with widely differing physical proper-
ties. It must also be remembered that 
local geologic structure, such as the at-
titudes of bedding planes or joints, may 
have a very important effect on the slope 
stability. It is probable, therefore, that 
values different from those shown in Fig-
ure 99 will have to be applied in many 
places. In any specific case, the quantity 
of weathering products to be expected 
on the benches is the key to the various 
dimensions. Local experience and obser-
vations are essential guides to the de-
sign. 

Soil Slopes 

Excavation methods are applicable to 
many slides and flows that are made up 
primarily of soil materials. 

Removal of Head. - Removal of the 
head, or unloading, consists of taking 
a relatively large quantity of material 
from the head of the landslide. It is an 
excellent corrective technique if the quan-
tities involved are not excessive, and if 
a curved slip-surface exists. The reduc-
tion in motivating force achieved by this 
method is particularly great for slides 
with curved slip-planes because of the 
large gravitational forces that act on 
the upper parts of such slides. The meth-
od is best adapted to slides; it is not 
generally recommended for flows or for 
movements that are characterized by 
straight surfaces of rupture. On small 
landslides there may be a practical limi- 

tation, and entire removal may prove 
more efficient a'nd economical than partial 
removal. The proper quantity to remove 
is difficult to estimate, but the theories 
of soil mechanics are quite helpful in 
this respect (see Chapter Nine). As a 
general guide, one to two times the 
quantity originally removed or to be 
removed from the toe of the landslide 
should be excavated from the head. This 
should be accomplished so as to provide 
a relatively flat surface (15:1 - hori-
zontal :vertical) at the head of the slide. 
An example is pictured in Figure 100. 
As a further check on the design, or 
where there is no evidence that removal 
of toe material has or will. be  accom-
plished by man or by nature, approxi-
mately 15 to 25 percent of the moving 
mass should be taken from 'the head. 
Successful application of this technique 
may depend on stability requirements 
above the landslide itself, hence the 
conditions produced by excavation at. 
the head must be considered in the light 
of possible movement above the excava-
tion. It is probable that the removal of 
material at the head will be most suc-
cessful for slides in which the soil over-
burden in the stable material above the 
crown is less than 15 ft deep, and in 
which any extension of the movement 
uphill would not produce a serious prob-
lem of legal liability. 

Lowering of Grade Line. - This meth-
od is actually a variation of the tech-
nique just described as removal of the 
head, but it may also be considered as a 
relocation, discussed in preceding para-
graphs. In effect, the method consists 
of placing the relocated structure on a 
broad bench cut into the moving or un-
stable material. If the load removed in 
cutting the bench is sufficient to produce 
stability in the entire mass, the solution 
will be effective. 

A significant economic factor in the 
choice of this method lies in the cost of 
pavement or, track replacement. Geo-
metric considerations, such as grade lines 
and sight ditances, are also involved. 
In many cases it is necessary to lower 
the grade by as much as 20 percent of 
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Major cut in shale 1 5-20° 
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20-30 0-30 20-35 1/2:1 

30-40 0-20 20-30 1/4 :1 
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20-40 0-20 20-30 1/2:1 

20-30 0-30 20-30 1 :1 

1/4:1 to 1/2:1 

1/4:1 

1/4:1 to 1/2:1 

3/4:1 

1/2:1 to 	2:1 
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SC 

 1IIlII, IIIIIILIlJ ,  

-- 	 H 

Figure 99. Criteria for bedrock slope design as used 
by West Virginia State Road Commission. This tech-

nique employs a combination of benches and, relative-
iy steep back slopes. L" '  
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Figure 100. Stabilization of the• Cameo slide above a railroad in the Colorado River valley by partial re-
moval of the head. Stability analysis disclosed that removal of the shaded area (B) at the head of the 
slide would provide a safety factor of 1.3, whereas removal of a similar volume near the toe in the area 
indicated as (A) would produce a safety factor of only 1.01 based on an assumed safety factor of 1.00 for 

the existing slope. (After Peck and Ireland, 1953) 

the vertical height of the slide; in no 
case should the grade reduction be less 
than 10 percent of the height. Figure 101 
illustrates a highway problem that was 
solved by this method. 

Reduction of Slope. - Slope flatten-
ing is rarely applicable to flows or to 
slides with straight slip-surfaces. In ad-
dition to its use on embankments, the 
treatment is recommended primarily for 
cuts where undercutting of slope-form-
ing materials, by nature or by man, has 
produced a relatively small slide that 
extends only a short distance above the 
top of a cut slope. Larger slides are 
commonly better treated by removal of 
their heads. In many cases it is necessary 
to reduce the slope in order to bring 
about stability at the toe of a slide; the 
flatter slope, with its reduced motivating 
force, prevents successive undermining 
with consequent upslope spread of the  

failure. In such cases, this method may 
be used in combination with others. 

In some soils, applicability of this 
method is limited by the direct varia-
tion in the shearing resistance of the 
soils with differences in height of cut. 
In West Virginia, for example, most 
talus soils are stable on-  2:1 slopes for 
cuts up to 25 ft in height, but they re-
quire 3:1 slopes for cuts of 30 ft in 
height. For even greater heights, remov-
al of head or other techniques are used 
in combination. 

The dangers of flattening or bench-
ing of the cut slope without considera-
tion of all the factors involved are 11-
lustrated in Figure 102. 

Benching of Slopes. - Benching of 
slopes, pictured in Figures 102 and 65, 
is a modification of the slope flattening 
technique described in the preceding 
paragraph. On occasion, a straight slope 
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pool, Ohio, was controlled by losering the grade about 10 feet at the point where the car is parked. (Cour-
t"Y of Ohio Department of Highways) 

cannot be cut sufficiently flat through 
an excavation to provide stability. This 
situation is most likely to develop on 
steep hillsides with slopes of 3:1 or 
steeper. The height at which a given 
soil will be stable for a given excavated 
slope can be evaluated through experi-
ence and, within limits, by the use of 
the theory of soil mechanics. For ex-
ample, in red clay talus deposits in north-
western West Virginia, a 2:1 slope is 
stable to a maximum vertical height of 
25 ft, and not a great deal of variance is 
noted. In other areas of the country, al-
lowable height,, for a given soil can be 
evaluated through observation and ex-
perience. 

Benching produces stability by divid-
ing the long slope into segments of short-
er slopes connected by benches. The prop-
er width of bench can be estimated ana-
lytically for any given soil (see Chap-
tet' Nine). In order to make the slope 
segments act independently, however, the 
bench should be at least 25 ft wide. 

Total Removal. - Removal of all un-
stable material is a method that is ap-
plicable to all types of movement, but 
it has a practical limitation based on 
the size of the moving mass. Further-
more, the position of the threatened  

structure with relation to the landslide 
mass will influence applicability of this 
technique. There is no lower limit as to 
size of slide for which it can be used; 
the upper limit depends on the money 
available and the degree of safety de-
sired. For most landslides that involve 
an excavation of more than 50,000 Cu 

yd, however, it is probable that less ex-
pensive techniques, or combinations of 
several methods, exist. 

The total removal method is most ap-
plicable if the structure to be protected 
is at the toe of the slide. Other loca-
tions of the structure in relation to the 
slide would preclude the use of this 
method in most cases. 

1)RATNAGE METHODS 

Drainage is without question the most 
generally applicable corrective treatment 
for slides. Surface drainage is of value 
l'egardlesS of the type of slide movement, 
and can often be used in conjunction 
with other corrective methods at little 
additional cost. Subdrainage is infre-
quently used in correction of falls, but 
some drainage method is almost a neces-
sity for most flows unless avoidance tech-
niques are followed. 
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Figure 102. Cross-section of the Keystone slide on Route 145 west of Telluride, Cob. The slide is composed 
of boulders and clay overlying shale. Irrigation of pasture land about 1/4 mile north of the road furnishes 
water which lubricates the shale surface and permits continuous movement of overburden. The slide has 
been active over a period of 60 years. The benched section represents the most recent attempt at partial 
control of the movement. It is not expected to be a permanent solution, but complete removal, or installa-
tion of a deep interceptor drain, are considered less economical. (From drawings and information sup- 

plied by the Colorado Department of Highways) 

Landslides that involve several mil-
lion cubic yards cannot be economically 
controlled except by drainage. The prin-
cipal use of drainage methods, there-
fore, lies in the control of very large 
slides or flows whose control by any 
ether technique would be too expensive. 
It is important to remember, however, 
that water will not drain readily through 
a clay-type, cohesive material unless the 
internal structure of the material per-
mits (Fig. 71). Thus, unless electro-os-
mosis treatment is used to change the 
internal structure, or unless wells are 
provided to collect seepage water, full 
benefit of a drainage installation may 
not be realized for months or years. 

The principal advantage in the use of 
drainage is that it eliminates or mini-
mizes one of the major contributing fac-
tors to landslide movement. Drainage may 
also be the least expensive approach,  

particularly on large-scale movements. 
The use of surface drainage is strongly 
recommended because of its relatively 
low cost compared with the. high poten-
tial values that may be derived. For 
stabilization of flows, particularly, some 
degree of drainage may be an absolute 
requirement. 

The greatest disadvantage lies in the 
relatively high cost of subdrainage for 
the smaller landslides that involve a few 
hundred to one million cubic yards of 
material. Another disadvantage lies in 
the fact that if highly impermeable ma-
terial is present in the upper layers of a 
slide it may be impractical to continue 
the subdrain to the point where it would 
intercept the source of water. Also, a sub-
drain structure must be located on solid, 
unyielding foundations or else the de-
sign must permit further movement 
without completely disrupting the sys- 
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tern. Unless equipped with efficient filter 
materials, many subdrains lose their 
effectiveness because of silting or other 
reasons; observations should be contin-
ued so as to permit immediate action if 
the drain should become clogged. 

The water within a slide mass has two 
principal detrimental effects - it in-
creases shear stress by its own weight 
and by increase of seepage forces, and it 
reduces the shear resistance of the ma-
terial, particularly along the surface of 
rupture, by increase of hydrostatic or 
pore pressures. In addition to these di-
rect effects on shear stress and resis-
tance, either the water itself or the 
chemicals in it can cause chemical or 
physical changes within the landslide 
material. Running water on the surface, 
of course, leads to increased erosion. 

It is generally believed that water 
acts principally by lubrication of the 
slip-plane; Terzaghi (1950) and some 
others, however, hold that there is suf-
ficient water in any earth mass to pro-
duce the necessary lubrication. There is 
also some argument among investigators 
as to the relative importance of the other 
factors mentioned in the preceding para-
graph. For example, seepage forces and 
the loss of shear strength due to pore 
pressure produce identical effects on sta-
bility analyses. The increase in weight 
due to contained water, as well as the 
reduction of shearing resistance of the 
soil, have each been considered as in-
significant by some investigators. There 
appears to be general agreement, how-
ever, that hydrostatic pressures are com-
monly a significant contributing factor, 
as are geochemical and physical changes 
in some instances. 

A landslide that was caused by major 
excavation at the toe, either naturally 
or artificially, may not respond to drain-
age. Even though the material can be 
drained dry, too much resistance to 
movement may have already been re-
moved to permit stability. This possibil-
ity is greater for slides with curved sur-
faces of rupture, because in such slides 
the greater part of the stress derives 
from the head, whereas the major re- 

sistance to stress lies in the toe. If more 
than one-quarter to one-third of a slide's 
volume has been removed at the toe, it 
is doubtful that drainage alone will prove 
effective in preventing further move-
ment. 

Surface waters can be removed from 
slides, or prevented from entering them, 
by means of ditches, slope treatment, re-
grading, or sealing of cracks. The prin-
cipal methods of removing water from 
the interior of a slide are horizontal 
drains, trenches, tunnels and vertical 
wells. Each of these available methods is 
described in the following paragraphs. 

Surface Drainage 

Good surface drainage is highly de-
sirable for treatment of any slide and 
should be sought regardless of any other 
techniques that are used. The principal 
surface drainage methods known, which 
can be used separately or in combina-
tion, consist of open ditches, slope treat-
ment, regrading, and the sealing of 
cracks. 

Open ditches will be useful on virtual-
ly all landslides. Particularly desirable 
are surface drains that are off the mov-
ing area and that completely surround 
the landslide, thus intercepting runoff 
from higher ground. Their use in loca-
tions where debris from above may cause 
clogging is recommended only on condi-
tion that a pipe is placed in the ditch to 
insure that the water will not be trapped. 
In many instances, depressed areas on 
the landslide face have produced ponds; 
surface ditches can be useful in drain-
ing them. A ditch in the slide material 
itself must be used with caution, how- 
ever. Unless it is sloped so as to provide 
fast drainage, or unless its base is sealed 
with impermeable material, it can easily 
become a device for feeding water into 
the slide rather than acting as a remover 
of water. 

Slope treatment can consist of a num-
ber of procedures, all designed to pro- 
mote rapid runoff and to improve slope 
stability. Some of these methods are 
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Figure 103. Correction of slide on Delaware Memorial Bridge approach, U. S. Highway 40, Del. The cor-
rection consisted of removing the slide mass, placing a sand layer connected to an underdrain system, back-
filling, and resodding. In other words, the slope treatment involved improvement of both surface and sub-
surface drainage to improve the stability. (Sketched from design drawing furnished by Delaware State 

- 	 Highway Department) 

seeding or sodding, oiling of surface, 
gunite, riprap, thin masonry or con-
crete walls, and rockfills. Gunite and 
thin masonry walls have been used suc-
cessfully to protect weak shales or clay-
stones from rapid weathering and sub-
sequent falls. In the Ventura Avenue oil 
field (Mineral Information Service, 
1954) many acres of land were)  paved 
with asphalt to promote runoff and re-
duce infiltration. This technique was 
merely an adjunct to an elaborate sys-
tem of horizontal and vertical drains, 
as well as other methods of control. Here, 
as elsewhere, surface drainage techniques 
are valuable in conjunction with other 
procedures, but rarely provide adequate 
correction in themselves (see Figs. 82, 
89, and 103). 

Reshaping of the surface will be bene- 

ficial for all landslides that have devel-
oped open cracks or depressed areas. The 
procedure is designed to improve runoff 
and reduce the entrance of water into 
the center or bottom of the landslide 
mass. Reshaping of the surfaces will 
tend to reduce additional movement, but 
it is rarely used as a corrective measure 
in itself. 

Sealing of cracks is commonly accom-
plished by regrading the surface. On oc-
casion, individual cracks may be sealed 
more economically and rapidly by hand-
filling with clay, bituminous materials, 
or cement grout. The sealing of cracks 
will often materially reduce the amount 
of movement by preventing the entrance 
of surface water and the subsequent 
buildup of hydrostatic pressures or the 
liquefaction of the landslide mass. Im- 
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mediate attention to crack sealing is 
strongly recommended, even though ad-
ditional correctives will be desirable in 
most instances. 

Subdrainage 

Subdrainage is discussed in detail in 
Chaptr Seven. Successful use of the 
method is dependent on ability to reach  

the source of water, the presence of per-
meable material' that will permit free 
access of water to the drain, and the 
location of the drain on unyielding ma-
terial so as to insure continuous opera-
tion in the future.' 

Horizontal Drains. - Horizontal drain-
age gives promise of being a most eco-
nomical method of correction. During 
the period 1950-1954 the cOst of hori-. 

Figure 104. Landslide above State Route 75 near Orinda, Calif. Approximately 250,000 cubic yards of earth, 
mostly mud, broken rock and shale, were in motion in a slide which covered the road to a depth of 30 feet. 
Slide area is 300 feet wide and 800 feet high. Corrective treatment included reduction of the slope to ap-
proximately 2:1, interception of surface drainage, and subdrainage by means of horizontal borings at 
various levels. There are 95 horizontal drains with a total length of 10,000 linear feet. A flow of 135,000 
gallons per day is reported during the rainy season. Collector system and horizontal drains (single dashed 
lines) are shown schematically. (Sketched from,  photographs and plan drawing; Herlinger and Stafford, 

1952) 
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zontal drain installations was about $2.00 
per foot of pipe in place, or from $3,000 
to $5,000 for correction of slides that by 
other corrective methods would have 
cost from $10,000 to $20,000. Extensive 
application of this technique has been 
made in the Pacific Coast region. An ex-
ample of the use of horizontal drainage 
is given in Figure 104; Figure 105 shows 
the type of equipment used in California. 
Only a few applications have been made 
elsewhere in the country (Figs. 73 and 
106). 

The object of horizontal drains is to 
remove water by diversion of the water 
source or 1)001, lowering of the water 
table in the slide mass, or drainage of a 
pervious stratum. Where the source of 
the water can be reached and diverted by 
the drain before it enters the slide ma-
terial, there should be little question as  

to the desirability of the installation. 
For general lowering of the water table, 
the principles involved with effecting a 
change in the ground water elevation of 
a soil mass will prevail. 

In the Youghiogheny spillway cut 
(Fig. 73). horizontal drain holes as much 
as 300 ft long were drilled during con-
struction by the Corps of Engineers in 
1943. Their purpose, successfully accom-
plished, Nvas to relieve hydrostatic pres-
sures and hence to prevent slump failure. 

The indiscriminant use of horizontal 
drains is to be discouraged. Sufficient 
drilling should be done to determine 
whether water is present and whether 
it can be removed from the ground. The 
former fact can be determined easily, 
the latter can be estimated through ex-
perience and by observation of the time 
required for water to flow into the drill- 
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Figure 106. One of the early efforts in easteril I oiled States to apply horizontal drainage teeiiiiojucs to it 

slide correction problem, near Station 21113, Kanowha County on the West Virginia Turnpike. In addition 

to the use of benching for the removal of material from the head, a horizontal, continuous helical auger 

was used to drill 6-inch holes for the placement of 2 1/2-inch O.D. metal pipe. (Photograph courtesy of 

Armro I)rainage and Metal Products. Inc.) 

holes. Falling-head permeameters and 
other devices can be used in the field, 
and laboratory tests of "undisturbed" 
samples may hell) in estimations of per-
meability. 

One of the chief objects of the (trill-
ing, which should be based on adequate 
surface and subsurface geologic investi-
gations, is to determine the relative 
permeabilities of the various materials 
within and beneath the slide. That is, 
in a series of layers of varying per-
meability, water will be diverted along 
the to1) of each relatively impermeable 
stratum. 

On occasion, horizontal drainage can 
be used in conjunction with other cor-
rective measures, particularly excavation 
methods. In such instances, the excava-
tion can be held to a minimum and fu-
ture movement controlled, eliminated, or  

minimized by horizontal drains (Figs. 
104 and 107). 

Drainayc Trenches. - D r a i n a g e 
trenches or interceptor drains are used 
for the same purposes as horizontal 
drains (Figs. 104, 108, and 109). Trench-
type drains, however, are generaly urn-
iteci by practical considerations to those 
places where water can be intercepted 
at depths of less than 10 to 15 ft. On 
some large slides the trench is excavated 
with power equipment and depth in ex-
cess of 15 ft can be i'eached. This tech-
n iq ue is relatively expensive, however, 
and is used infrequently. 

It is most important that the drain 
pipe be based on unyielding material, 
which generally means that it must be 
below the slip-surface. Otherwise, sub-
sequent movement would tend to break 
or bend the pipe and disrupt drainage 
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Figure 107. Slump-earthflow 12 miles west of Vallejo, Calif. The slide was 400 feet wide. SOS feet high, 

and about 60 feet deep, in unconsolidated rlayey material with much interstitial water. Movement was ap-

parently hastened by steepening of the slope during road construction. Effective correction consisted of 
slope-flattening at the head and installation of horizontal subsurface drains. (See also Figure 104) (Photo- 

graph by Merritt R. Nickerson, courtesy of California Division of Highways) 

before benefit of the drain could be expense involved, tunneling will not be 
achie'ed, and the problem would remain used frequently. The technique is par- 
unsolved. 	 ticularly useful where the endangered 

7'unne1i. - Tunnels to control land- structure or structures are extremely 
slides have been used in this country valuable. 
primarily on the West Coast (Figs. 71 	T'ertical Sand Drains. - Vertical sand 
and 72), and only for mass movements drains are most commonly used in con-
of very large proportions. Because of the junction with horizontal drains (Palmer, 
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Thompson and Yeomans, 1950). In many 
such instances, lenses of permeable ma-
terial are connected vertically by the 
sand drain, and a horizontal system is 
then used to remove the water. This ap-
proach is extremely useful in landslides 
that contain lenses of permeable sand 
within less permeable material. Very 
large drains, however, such as are de-
scribed by Palmer, Thompson and Yeo-
mans, are very expensive, may miss 
some permeable zones, and may even be 
destroyed by renewed slide movement. 
Continued observations and further test 
drilling are advisable after the installa-
tion has functioned for a time in order 
to make certain that there are no iso- 

lated undrained pockets of permeable ma-
terial. 

Vertical drains also have been used to 
carry the water in a slide mass through 
an impermeable stratum into a permeable 
zone (Parrott, 1955; Mineral Informa-
tion Service, 1954; see also Fig. 110). In 
the Ventura Avenue oil field, vertical 
holes were drilled through the slide and 
into a massive permeable sandstone. For-
tunately, the sandstone bed dips at such 
an angle that it acts as an aquifer and 
carries water to pumped wells below the 
toe of the slide area. 

One of the most promising applica-
tions of subsurface drainage to a land-
slide has been used in the State of Wash- 
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Figure 108. One of twelve landslides on a section of State Route 15 near Horse Shoe Bend in Idaho. Cor-
rective measures included the use of interceptor drains. The sketch pictures the conditions near Station 
830, designated as Slide No. 3. Upper portion of slide is a slump, which passes into a flow in the lower 
parts. The road was partially relocated along the slump scarp. To remove water from seeps at the base 
of the scarp, an interceptor drain 10 feet in depth was placed in the upper ditchline of the detour road so 
as to drain from the center toward each end. (Drawn from a photograph furnished by the Idaho Depart- 

ment of Highways) 
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'"Pigure 109. A drainage solution on a Missouri highway. A 15-foot deep interceptor drain was used to stabi-
lize the Mussel Fork slide on State Route 36 two miles east of Bucklin, Mo. The drain intercepted seepage 
flow through a limestone stratum and a coal seam. This condition typifies the importance of differential 
permeability in the landslide problem. The relatively impermeable shale and underclay prevent the passage 
of water, thus producing free water in the more permeable limestone and coal strata. (Courtesy of Missouri 

State Highway Commission) 

ington as reported by Ritchie (1953), 
who describes a continuous siphon to re-
move subsurface water (Fig. 75). 

RESTRAINING STRUCTURES 

Restraining structures, as the name 
implies, act to control or correct land-
slides by increasing the resistance to 
movement. Included here are rock or 
earth buttresses at the foot of the slide, 
cribs or retaining walls, piling (fixed or 
unfixed), dowels, and tie rods. With the 
possible exception of drainage methods, 
no other group of corrective treatments 
appears to have been used more fre-
quently in landslide control than have re-
straining devices. Results have varied 
from dismal failures to spectacular suc-
cesses. Misuse of the techniques, plus 
lack of understanding of the economic 
factors involved, have led many engi-
neers to ignore or underrate these im-
portant methods. 

As indicated in Table 4, Chapter 
Seven, restraining structures are used 
primarily to control slides; but they are 
also occasionally employed to provide 
underpinning for falls and flows of the 
other types. 

The restraint may be so placed as to 
protect the main structure from under-
mining. If so, the landslide may or may  

not be brought under control. On the 
other hand, if the restraint is so placed 
as to protect the structure from en-
croachment of slide material on or 
against it, the landslide itself must be 
controlled. 

Buttresses are rarely used except at 
the toe of a landslide and for the pur-
poses of controlling the slide itself 
(Figs. 87 and 88). Cribs, retaining walls, 
and piling are used both at the toe to 
control movement and as underpinning 
immediately below a structure to pre-
vent undermining. Use of these devices 
to control movement will be successful 
only for small movements, whereas for 
underpinning purposes they may be used 
on areas of considerable extent if the 
depth of the moving mass above the re-
tainer is less than 10 to 20 ft thick. 

Tie-rodding of slopes (Cutler, 1932) 
has been used almost exclusively near the 
upper limits of slides to protect struc-
tures from being undermined. The method 
is applicable to both large and small 
slides, but only if the soil overburden is 
less than about 20 ft thick (Fig. 91). 
Dowels into rock (Fig. 90) are used ex-
clusively for control of movement of 
consolidated materials (bedrock) or large 
boulders. 

The usefulness of a restraining struc-
ture does not depend on the cause of a 
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Figure 110. Vertical sand drains used to bypass impervious layer of clay. Water seeping through the thick 
mantle of sandstone boulders and fine sand was producing slides in the cut above the new highway grade 
at Ritch Patch Mountain, Va. The water was effectively drained by eight vertical sand drains, whicfh 
punctured the impervious clay layer shown and discharged the water into the alluvial sand and gravel at 

the base of the 80-foot holes. (Courtesy of Virginia Deparment of Highways) 

landslide. If hydrostatic pressures have 
played an important part in originating 
the slide, however, there is difficulty in 
predicting the ultimate hydrostatic con-
ditions, hence difficulty in designing a 
restraining structure conservatively. 
Moreover, flow failures on very flat slopes 
can produce tremendous pressures; these 
may be too great for a restraining struc-
ture to withstand unless its installation 
is accompanied by some drainage tech-
nique. 

The chief advantages of restraining 
devices lie in their economy under cer-
tain conditions. They commonly require 
less space than other methods, hence 
right-of-way costs are generally low. 
Moreover, most restraining structures, 
such as buttresses or piles, provide rela-
tively high resistance to land movement 
at low unit costs. Under many conditions, 
however, particularly on large slides, re-
straining structures cost more than other 
methods. There is also the danger that 
failure of a restraining structure may 
result in total loss of the investment. 

Design of a successful restraining 
structure requires very thorough exami-
nation of the foundation conditions. Ex- 

cept in rare instances the method re-
quires that unyielding material be avail-
able for anchorage. If such material is 
not present, the designer must make 
doubly certain that no failure is likely 
to develop beneath the foundation of the 
restraining device. 

A mathematical approach to the design 
of retaining devices is inéludefl in Chap-
ter Nine. If no such analyses are planned, 
the following minimum information will 
be needed to determine the size of a re-
straining structure: 

Areal limits of the slide. 
Depth of soil overburden or depth 

to surface of rupture. 
Relative stability of the moving 

mass. 
Foundation conditions for a re-

straining device. 
Type of slide movement. 
Moisture conditions in the moving 

mass. 
Value and relative location of 

structure involved:  

Of these factors, one of the most dif-
ficult to estimate is the location of the 
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surface of rupture. Rotation at the toe 
of a slide or slump normally provides 
some indication of its location in the 
lowermost few feet of the slide. At the 
to!) of the slide, the location of the slip-
surface is also evident. Within the middle 
of the sliding mass, subsurface explora-
tion will normally give some indication 
of a change in character or condition of 
material at or near the slip-surface. If 
not, it is reasonable to assume that fail-
ure took place along the are of a circle 
that is tangent to the slip-plane at the 
top and toe. A quick field method for es-
timating the position of this arc is given 
in Chapter Six and Figure 62; see also 
Chapter Nine. 

If the area covered by the slide is 
known and an estimate can be made of 
the depth of the moving mass, the size 
of any particular type of restraining  

device can be computed (see Table 5). 
Retaining walls can be of the massive 

type (Ladd, 1935) or can merely be used 
as toe protection (Figs. 81 and 83). Suc-
cessful installations of crib walls range 
widely in magnitude; typical ones are 
shown in Figure,-, 78, 79, 111, and 112. 

Piling is perhaps a more controversial 
corrective treatment than are the other 
retaining devices. Typical installations, 
successful and otherwise, are shown in 
Figures 85, 86, and 113. A piling failure 
such as is shown in Figure 86 does not 
necessarily represent a poorly engineered 
project. in some instances, two or three 
successive sets of piling installed over a 
15- to 20-year period may be more eco-
nomical than a corrective treatment that 
controls the movement at one time; such 

--- 

Figure re Ill. Metal err hiring u'. ii a, retain r rig is all', nhoi e highs, ay and hets,ecn highway and rail road at 

Binghamton. N. Y. (Photograph courtesy of ,trmco Drainage and Metal Products, Inc.) 



TABLE 5 

EMPIRICAL RELATIONS BETWEEN VARIOUS FACTORS IN THE USE OF RESTRAINING DEVICES TO CONTROL ACTIVE SLIDES* 

Effect of Quantity of Effect of Foundation Type of 
Type of Treatment Moving Mass, % by Vol. Conditions Relative Stability Movement 

1. Buttress at foot Buttress should be 1/4 to 1/3 the volume 
Rockfihl of total moving mass to be retained 

Should extend at, least 5 to 10 ft below slip- With 	the 	exception 	of 
plane unless stable bedrock is encountered In 	general, 	restraining 

Earthfill Recompacted fill should be 1/3 to 1/2 that rock 	buttresses 	restrain- 
of total moving mass to be retained structures are not recom- 

ing 	structures 	are 	not 

recommended for control- 
mended for falls or flows 

except 	as 	underpinning. 2. Crib 	or 	retaining Volume of crib should be 1/6 to 1/10 that Stable bedrock preferred. Otherwise, foun- 
wall of total moving mass to be retained dation should extend 4 to 7 ft below slip- ling very unstable masses 

plane If drainage is also pro- 
__________________________________________  t the toe. Near the top 

vided, 	a 	restraining 	de- 
l. Piling One pile per 100 cu yd of moving mass; Ancior 1/4 to 1/3 total length of piles in of 	the 	landslide, 	piling, 

Fixed 	at slip- maximum depth of moving mass of 12 to stable bedrock; 1/3 in stable soil vice 	may 	be 	helpful 	if 
surface 15 ft cribs, 	retaining 	walls, 

area is permitted to drain 
and tie-rodding of slopes 

Not 	fixed 	at One pile per 50 cu yd of moving mass; 
maximum depth of moving mass of 10 to 

Necessary only where no stable bedrock is 
beneath slip-plane can be used successfully 

before retainer is built 

slip-surface 12 ft 

- Dowels in rock Stable bedrock required 

Tie-rodding of Stable material needed for anchorage 
slopes 

* Subject to evaluation and experience in given locality. 
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solutions should be neither ignored nor 
improperly evaluated. 

MISCELLANEOUS METHODS 

Hardening of the slide material by 
various methods, blasting, and partial 
removal of toe are all techniques appli-
cable to some correction problems. They 
are grouped only for convenience rather 
than because of any similarity in method 
or effect on landslides. None of these tech-
niques is very widely used, and some are 
used only provincially. All have been 
proved successful in some places, how-
ever, and all appear to deserve wider con-
sideration and possible adoption. 

Hardening of Soil 

Some soil materials can be successfully 
hardened by cementation, chemical treat-
ment, freezing, or electro-osmosis. 

All of these methods depend on chang-
ing the shearing resistance of the land-
slide mass, particularly along all or part 
of the surface of rupture. This is axio-
matic, for unless the resistance along 
this surface is increased there can be no 
material change in the stability. Thus, it 
is very important to reach to or through 
the rupture surface with the hardening 
technique. This type of correction is not 
much used anywhere in the United 
States. The railroads have used cement 
grouting rather extensively for curing 
waterpockets, and more recently have 
been successful in correcting slumping 
fills by this method (Figs. 92 and 93). 

Except for grouting of seams and frac-
tures in bedrock, these methods are not 
applicable to falls. They can, however, be 
recommended for either slides or flows, 
although most flows are less likely to be 
benefited than slides. 

The size of the moving area will be an 
important factor in the applicability of 
these techniques. A mass as large as 
50,000 to 100,000 cu yd will not be within 
the economic range of most hardening 
processes. In a few rare exceptions it is 
possible to adopt a partial solution by 
producing a buttress effect at the foot,  

or a series of columns of solidified earth 
that can act somewhat like piling. 

The principal advantages to these tech-
niques lie in the lack of interference with 
traffic and the absence of temporary un-
dermining associated with many other 
procedures. The methods are generally 
limited to the stabilization of granular 
materials, but electro-osmosis methods 
are effective with some clays. 

The disadvan'ages lie in the relative-
ly high cost for hardening masses as 
large as 100,000 cu yd and in the re-
quirement for a granular material for 
proper admixture dispersement. Also, 
few installations have been made, and 
all deep-soil stabilization is in the experi-
mental and development stage. Finally, 
the cost is extremely difficult to predict, 
because predetermination of the quan-
tity of admixture needed will be practi-
cally impossible. 

In considering these techniques, an in-
vestigator should give particular atten-
tion to the location of the surface of rup-
ture, the character and gradation of the 
material, and the presence of aquifers 
that should be drained to prevent the de-
velopment of hydrostatic pressures. 

Blasting 

One of the very controversial methods 
of correction is blasting. Some noted en-
gineers and geologists have insisted that 
the technique cannot produce a long-
range correction. Other equally Compe-
tent professional men, however, point to 
numerous installations which have given 
satisfactory performance for many years. 

The two schools of thought are in 
apparent agreement on the following 
points: 

Blasting can produce better drain-
age beneath the surface of rupture, thus 
lowering the water table and reducing 
hydrostatic pressures in the landslide 
mass. 

Blasting can disrupt and relocate 
vertically upward the critical surface of 
rupture, thereby either increasing the 
shearing resistance through changed 
soil conditions or decreasing the shear- 
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I 	or, i12.l,ta Ilia ot,el ,'ril,I,iog 1 	mile, ooiuh of Marys River, Randolph County. Ill. Shows excava- 
tion for metal huts to retain side slopes of pavement to he constructed where old pavement was under-

mined by slide. (Photograph courtesy of Illinois Division of Highways) 

ing force through removal of load above vation, and no real change in the land- 
the slip-surface, 	 slide is accomplished. 

Blasting will produce some settle- 	Both of the apparently opposing ideas 
ment, most of which can be expected concerning blasting are possibly correct 

within one year. 	 in part. This conid be true if failure of 
Relatively competent, firm bedrock the drainage system and the rupture-

must underlie the surface of rupture for surface displacement take 1 to 50 years 
any real chance of success. 	 to develop. That is, if the life of the 

The method does not lend itself to structure is 20 years and the beneficial 
soil material that is greater than 25 to effects of blasting continue for 20 years 
40 ft deep. 	 or more, the technique is successful from 

an economic standpoint. The fact that the 
Some of the objections to the control benefits of the drainage and the displace-

of landslides by blasting are due to the ment of the surface of rupture would be-
fact that the drainage produced by sys- come ineffective after a lapse of time is 
tematic blasting ultimately will become then immaterial. The major difficulty will 
ineffective due to clogging by fine parti- lie in reaching a reliable estimate as to 
des washed into the fractured mass. the length of time that will be required 
In some cases the surface of rupture is to produce the damaging changes. 
merely displaced to a slightly higher ele- 	Blasting is most applicable to slide 
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failures, is not at all desirable for falls 
except for removal of material, and is 
not recommended for flows. Very large 
slides are not susceptible to the blasting 
method, particularly in areas of deep 
soils. It is probable that blasting methods 
should be limited to masses of less than 
50,000 cu yd. Although blasting is nor-
mally accomplished in bedrock, the tech-
nique has been tried in unconsolidated 
material. 

The real advantage of blasting lies in 
the economy of the method. Where ap-
plicable, the technique will cost one-
fourth to one-tenth that of other methods. 
It is so inexpensive that a series of two 
or three blasting operations over a period 
of several years may be more economical 
than a single correction by other possible 
methods. Blasting is also advantageous in 
that it involves no serious disruption of 
traffic and no temporary undermining of  

the upsiope area such as is commonly re-
quired for retaining devices and some 
types of excavation methods. 

The disadvantage of blasting lies in 
the unpredictability of its effects, but the 
settlement that takes place, possible 
damage from vibrations caused by the 
blast, and dangers to humans or prop-
erty from overshooting, are also to be 
considered. 

The successful use of blasting to con-
trol a landslide is closely related to the 
experience of the operator. A good "pow-
der-man" is essential; he should be in-
structed to attempt to break up the rock 
and to lift the fragments vertically so as 
to penetrate the slip-surface by 3 to 5 
ft, and to blast systematically the under-
lying rock so that cracks and fissures 
will carry the water out from beneath 
the slide mass. 
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Figure 113. The successful piling installation shown was placed by the Northern Pacific Railroad near 
Noxon. Mont., at Mile Post 76 and 2500. Two rows of 80-foot lengths were involved, one at the shoulder 
and the other at the rivers edge. River erosion was also eliminated (Smith 1919). (Photograph by Rock-

well Smith, October 1951) 



CONTROL AND CORRECTION 	 185 

ligure 113. Top graben of a 'pisofl' slide on U. S. highway 99 near Napavine, Wash. This is a form of 
failure by lateral spreading. A layer of plastic clay is overlain by a brittle bed of lron.cemented gravel. 
Ovorsteepening of a cut slope permitted the clay to extrude slowly as it was pressed down by the graben 
block. The recommended correction is to load the graben block (head) and to remove the extruded clay (or 

unload the toe). (Photograph by A. M. Ritchie. Washington Department of Highways) 

Partial Removal of Toe 

As pointed out in Chapter Seven, par-
tial removal of the toe is an expedient 
only, and is seldom to be recommended 
for control of a landslide of any type. 
Naturally, the removal of the toe further 
reduces the stability, since the major 
part of the resistance in any slide derives 
from the material at the foot. 

The technique is most frequently used 
in highway engineering as a maintenance 
operation where there is a requirement 
for immediate action to open the road to 
traffic. However, the method is not in-
frequently used to remove a threat to 
other engineering structures. Stability 
should not be expected, and the proba-
bility of higher final costs in order to  

solve an enlergency condition must be 
accepted. 

One known exception to the general 
rule against removal of the toe is in the 
State of Washington. In constructing a 
Ii ighway near N apavine the Department 
of Highways encountered a so-called 
"piston" slide. This is a form of failure 
by lateral spreading in which a block 
or graben of rigid material drops verti-
cally and squeezes out a layer of soft 
plastic clay (see Fig. 114). After de-
tailed investigations, the department's 
geologist, A. M. Ritchie, recommended 
that additional material be placed on the 
downdropping block and that the ex-
truded clay be removed. In other words, 
the correction method was to load the 
head and unload the toe of the slide. Such 
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Figure 115. Use of deliberate undercutting. A corrective treatment commonly used in West Virginia con. 
sists of deliberately undercutting a landslide with benches provided upon which the slide can come to rest. 
The cross-section shown represents a slide between New Martinsville and Moundsville in Wetzel County. 

The work was completed in the Spring of 1955. (Courtesy of West Virginia State Road Commission) 

an unorthodox method must, of course, 
be applied with extreme caution, for 
even a thin film of clay remaining after 
the extrusion process could easily lead to 
further movement. 

In rare instances it is possible to pro-
duce relative stability by undercutting of 
the toe; that is, by providing a bench 
that is broad enough to catch and hold 
the products of further movement. Fig-
ure 115 shows one example of such a de-
liberate design. In such cases, stability 
is not anticipated until sufficient move-
ment has taken place to produce a' stable 
slope. The reasoning involved is that sta-
bility will ultimately develop through the 
buildup of toe resistance as the material 
moves onto the bench area produced by 
the excavation. 

The benching method has been tried 
successfully on some slides and flows, and 
is the principle in one approach to cor-
rection of rockfalls. Normally, a major 
landslide is not deliberately treated by 
this technique, but if a major toe cut is 
necessary, benching at the toe may be 
the most economical method. There is no 
limit to the size of landslide that can be 
treated by a deliberate undercut for ul-
timate stability. However, the technique 
is applicable only when the structure to 
be protected is at the toe of the land-
slide and the land above the moving area 
is worthless. As an aid to achieving sta-
bility, other techniques such as horizontal 
drainage could be used in combination. 

The principal advantage to the method 
is the economy in earth-moving; excava-
tion at the toe of the slope is less ex-
pensive than elsewhere. Furthermore, a 
bench is provided for intercepting debris 
before the material reaches the ditchline. 

A major disadvantage is the difficulty 
in predicting, the size of bench that is 
necessary for equilibrium to be reached. 
Also, the surface of the slide must be re-
shaped in order to reduce movement to a 
desired minimum. A considerably greater 
quantity of material may have to be 
moved if surface water is permitted to 
enter cracks and aggravate the landslide 
condition. 

Because the method is based on ac-
ceptance of the fact that further move-
ment is inevitable, as much material as 
possible should be left in the new toe. 
Slopes as steep as 1/2 :1 for vertical 
heights of 30 to 50 ft may be advisable, 
since renewed movement will then start 
the process of producing toe resistance. 

In summary, deliberate undercutting 
at the toe of a slide may be desirable 
under the following conditions: 

As an emergency that requires im-
mediate action to clear the road for 
traffic or to protect a structure from un-
due pressures. 

In very mountainous terrain where 
the land is not valuable and no structures, 
powerlines, or pipelines will be endan-
gered by subsequent undermining. 
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Where the proximity of the bed-
'rock-overburden contact and the slope 
line at the toe render it impossible to at-
tain sufficient toe resistance by reshaping 
the slope. 

When costs of producing stability 
by other techniques is relatively high. 

It is to be emphasized that indiscrimi-
nate use of this technique, or its use 
with insufficient technical knowledge or 
investigation, is foolhardy in the ex-
treme. 

Warning Devices 

Even though they neither prevent nor 
correct landslides, a few words on warn-
ing devices seem appropriate. So far as 
is known to the committee, the devices 
used in the United States are confined to 
railroads and all give warning that slides 
have occurred or are in progress. None of 
those used predict impending slides, but 
it is understood that Japanese engineers 
have used strain gages successfully for 
this purpose (Fukuoka, 1953). 

For many years the railroads have em-
ployed warning devices coordinated with 
automatic block signals as protection 
against slides and falling rock areas. 
Part 205 of the Signal Requisites of the 
Signal Section of the Association of 
American Railroads lists three types with 
typical details. 

The falling rock detector as shown in 
the specifications consists of 35-ft poles 
with 10-ft crossarms carrying 20 wires. 
Rock falling on these will break the elec-
trical circuit and throw adjacent track 
signals into the stop indication. 

The rockslide detector is a vertical 
fence of woven wire fencing supported on 
poles spaced 15 ft apart. This type• ac-
tuates the appropriate signals through 
tension on the fence wires and can also 
be used for flow slides in earth. 

The earth slide detector consists of 
planking on upright posts equipped with 
mercury contactors which actuate the 
signal circuits when pressure of sliding 
material causes distortion in the fence. 
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