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Experiences with Subsurface Water 
D . P . K R Y N I N E , (Consulting Engineer, and 
R I C H A R D J . W O O D W A R D , Partner, 

Woodward, Clyde and Associates, Soil and Foundation Engineers 

T H I S papei- contains a description of pei-sonal experiences of the wi-iters in California 
under particular conditions including (1) cyclical or seasonal climate when a part of 
the year is rainless and the other exceedingly rainy; (2) young geology with soils often 
only partly formed from rocks; and (3) jjredominantly hilly topogi-ai)hy. 

During the I'ainy season the upper layers of the earth masses contain seeping water 
and water ]X)ckets, all in addition to possible cajjillary and hygroscopic moisture. 
Ground water table itself is anything but horizontal, with ridges, depressions and 
discontinuities. The location of the ground w'ater is controlled by the geology and 
topography of the region. I n the majority of cases the depi'essions in the earth surface 
show the direction of the underground streams; and brooks ai-e generally nothing else 
than protruding tops of the latter. 

I'ore pressure in gi'ound water is controlled by local geology and topography. I n 
a typical case gi'ound water close to the foot of a hill under an impervious dejjosit is 
artesian. 

Planning of earthwork and construction in such localities should be done with due 
regard to ground-water (-onditions and sliding possibilities. Unquestionably an ade
quate study of the local geology and topography is a prerequisite to such a planning. 
Practice has shown that airphotos often disclose details not noted during a visual 
inspection. Observations of water-level fluctuations in borings made for ])lanning 
purposes are of help as indicatoi's of possible pore i^ressures in the soil. Subsiu'face 
water under pressure, including deep ground water and water flowing in the upper 
layers of a natural sloi)e, causes slides. Places where a steep portion of a natural slope 
is followed by a lowei' flat portion, ma\- be favorable for slides. Simple methods of slide 
repair are discussed in the paper. High water pressures may be reduced by driving 
oblitiue tubes 2 to 4 in. in diameter below the slope to permit the water under pressure 
to escape from its confinement (hydrauger method.) 

Grading o])erations in impervious soils at the foot of a hill chain should be done with 
great care. Particularly excavations should not be excessively deep to preserve a 
sufficiently thick cover over the ground water table. Otherwise swamjjy condition in 
excavated area develojis. 

Cases of instability of fills constructed during dry season on sand and gravelly 
foundations have been observed, apparently due to decrease in shearing strength of 
the foundation material because of moistening. 

# T H E portion of California known as the during which thei'e were strong uj i l i f ts and 
San Francisco Bay region (or Bay Area) consequent strong erosion of the mountain 
covers, geologically speaking, most of 12 slopes combined with filling of the valleys, 
counties surrounding the bay and its raniifica- As a result a great ]3ortion of the region may 
tions. I t has an aggi-egate area of more than be defined as hi l ly country, located betw-een 
10,000 sq. mi . and includes, in addition to the mountain ranges and flat valleys, 
the Central Coast Ranges, also parts of the The hilly topography of the Bay Area is 
California Great Valley and Sierra Xevada combined wdth young geology especially with 
I)i'0vinces (1). The present configuration of respect to the process of soil formation from 
the land is of relatively I'ecent development rocks. Among the various rocks present shales 
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interbedded with sandstones are common. 
The predominant soils are loams and clays, 
both dark and light in color, though obviously 
other kinds of soils may be found. E.xposed 
shales become half decomposed forming 
materials which in pulverized and subse
quently compacted state may be impervious. 
I n the undisturbed condition, however, they 
generally offer a relatively easy passage to 
water through numerous cleavage planes and 
fissures. A lump of such soil material, if 
broken by hand in the field, often presents a 
variety of colors and consistency characteris
tics but if kneaded with water becomes an 
amazingly uniform silty or sandy clay, gen
erally gray in color. I n making a list of Bay 
region soils the famed Bay mud should not 
be forgotten. lissentially this material is 
similar to organic silt, perhaps with larger 
clay content, is unconsolidated and has a very 
low shearing strength. California highway 
engineers have had considerable experience 
in accelerating settlement of fills on mud and 
similar deposits by using sand drains, ("Cali
fornia wells") particularly on the Bayshore 
Freeway, south of San Francisco (S). 

A characteristic feature of the region, as of 
the rest of California and adjacent coastal 
states, is alternate rainy and rainless seasons. 
There is practically no rain f rom the beginning 
of M a y t i l l the end of Octobei'. Most of the 
rainfall occurs during the winter months. 
The average rainfall in San Francisco, for 
example, is 22.2 in. per year, with an average 
of 4.54 in. in January, which is one of the 
most rainy months of the j'ear. The variation 
in the January rainfall in the past 5 years 
was wide, however, ranging from less than 
1 in. in 1947 to 10.69 in. in 1952. Heavy winter 
rains are generally followed by a great num
ber of landslides in the area. 

Though the observations described here
after are related to a certain region only, most 
of them are of general character and may be 
apjilied to regions outside of the Bay Area. 

S U B S U R F A C E W A T E R 

Water undei- a well-defined true water 
table is ground water. A l l subsurface water 
above the true water table wil l be referred to 
here as uj^per subsui'face water, oi- simply, 
upper water. Besides capillarj- and hygroscopic 
moisture the upper subsurface water contains 
fluids slowly seeping in a horizontal or oblique 

direction through soil fissures and between 
particles, especially if forced by a considerable 
hydraulic gradient. I n breaking a lump of 
clay or clay loam in formation, continuous 
films of static water on cleavage planes can 
often be seen, even with the naked eye. Min ia 
ture perched water tables and water pockets 
have also been observed. 

The water table, with rare exceptions, is 
anything but horizontal. The engineer may be 
misled in his conclusions if he visualizes the 
water table as a nice horizontal plane as repre
sented on drawings and logs. Generally the 
ground water is moving and the water surface 
(water table) slopes in the direction of move
ment. The profile of the ground water stream 
in the direction of the flow may have depres
sions because of intense local pumping for 
irrigation or industrial purposes, for example. 

T - ta lweg 
S - contour l ines 

of the ground 
sur face . 

W - contour l ines 
of thie woter 
table. 

Figure 1. Ground-water flow. 

More spectacular are irregularities in trans
verse cross section where the water table may 
be concave (for instance, because of seepage 
from a canal or a ditch) or even discontinuous. 

I n soil investigating for a structure or for a 
highway, the direction of the ground-water 
flow should be determined. I n a flat country 
this can be easily done by sinking three borings 
and observing the water level in them (3). 
I n a hilly country the direction of the ground
water flow in the majori ty of cases may be 
determined from the topography of the given 
locality. The talweg of a valley, or on a smaller 
scale of a valley-like depression (Fig. 1), is 
generally indicative of the axis or stem of the 
ground water flow. The contour lines of the 
ground surface and those of the water, if the 
latter is concave, present opposite patterns 
as in Figure 1. I f the talweg is steep, the sur-
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face water drains quickly. During the dry 
season there is no water at the surface of the 
depression and the ground water flows deep 
under the talweg. I f the latter is fiat the de
pression may become a small valley with a 
brook. I n this case, the brook generally repre
sents the protruding top of a ground-water 
stream. I n the case of two or more depressions 
distant from each other, there may be a cor
responding number of water tables, not neces
sarily located at identical elevations and pos
sibly with gaps between. Figure 2 represents 
schematically a similar situation with Water 
Tables 1 and 2 close to the earth surface and 
a deep basic Watei- Table 3. Water Tables 1 
and 2 in Figure 2 obviously are peculiar 
perched water tables. A model of this situation 
may be visualized in the form of two water 
flows poured on an inclined plane from two 
mutually in lependent sources. 

function of local geological conditions, par
ticularly stratification. Physical proi)erties of 
soil and rock material, particularly imperme
ability, are of great importance in this connec
tion. For example, Figure 2 suggests that in a 
simplest case of one impervious deposit sur
rounded by pervious layers, ground water may 
flow either above or below that deposit. 
Figure 3 develops this idea fmther. Under 
conditions shown in that figure the ground
water flow during the dry season is constricted 
in the narrow spaces ai'ound Points B and E 
and, hence, is under pressure (artesian water'.) 
I f a boring is made at Point at the ground 
surface to reach water at Point B, the water 
level in the boring wil l r-ise to Level Bi some
times very I'apidly. Distance BBi in this case 
measur-es the hydraulic head under- which 
water stands at Point B. The same reasoning 

ground • u r f a c t . 

aquif* 

Figure 2. Water tables (1, 2, 3). 

A situation similar to that described above 
was observed by the writer's on a construction 
pr-oject occupying a large area south of San 
Francisco, at a distance about 13̂  mi . f rom 
the bay. I n this case the ground-water flow 
was carried to the bay by the perched Water 
Tables 1 and 2 (Fig. 2) and not by the basic 
Water Table 3 that was many feet below the 
water level in the bay. I n this particular case 
the presence of two separ'ate perched water 
tables could be guessed fi-om the local to
pography. I n fact, the gr-ound surface at the 
given locality situated at the foot of a hi l l 
chain was but slightly undulated. I n the rear, 
however, that is in the uj ih i l l dir-ection, there 
wer-e two clear'Iy defined depressions cor're-
sponding to the two gr'ound-water streams 
obser'ved. 

I f the direction of the ground-water flow-
in horizontal plan may be guessed from the 
local topogi'aphy, as stated above, its location 
in the vertical plane is almost e.\clusively a 

• woler level 

(ys piezometric surfoce 

g.s. ground sur face 

Figure 3. Pore pressure and piezometric surfaces. 

is ti'ue for any other- point in the nari-ow spaces 
around Points B and E. The locus of Points 
B\ is a piezometric surface (p. s. I in Fig. 3) 
for the dry season. I f instead of borings 
piezometric tubes driven into the ground ar-e 
used, the level of water in them will rise to 
the same elevations as in the boi-ings. A t 
closed spaces such as C, theoretically speaking, 
even a vacuum may be produced by the fluc
tuations of the water level. A t Points U and 
D2 where the water level leaves the impervious 
deposit there may be some local bulging of 
the water level. The piezometric surface, 
(p. s. I , Fig. 3) runs fr-om the intake Point A 
to the free water surface at -Di. 

The highest level that may be reached by 
water from prolonged i-ains accumulating in 
the given aquifer (i.e., water-bearing medium) 
is the horizontal or slightly rising line thr-ough 
the boundar-y point W of the impervious de
posit (Fig. 3.) This piezometric surface (p. s. I I 
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in Fig. 3) starts at Point W and first drops 
rapidly bet̂ ause of friction concentration in 
the narrow space around Point B, then flattens 
out to finally reach Point at the free-water 
surface. 

S L I D E S C A U S E D B Y GROUND W A T E R 
U N D E R P R E S S U R E 

Revei'ting to Figure 3 i t should be remarked 
that if the thickness of the impervious deposit 
at Region C is not sufficient, and the piezo-
metric surface following heavy rains is occa
sionally very high, the impervious deposit may 
be broken through with the occurrence of a 
slide. Such an occurrence is particularly en
couraged when the excavation for a highway 
or other structui'e has decreased the thickness 
of the imiiervious cover. Though the water 
flow may be sudden of the type of a "flash 
pressure," a certain preparatory ]jeriod is 
required before a slide of this type occurs. 
During the dry season the shearing strength 
of an impervious clay deposit wil l normally be 
very high, but i t is gradually decreased by the 
rising and fluctuating ground water from below 
and by the surface rain water from above. 
Caiiillary action is operative in this connection, 
•̂ '̂hen the material is soft enough, a sudden 
high water pressure finally may cause the 
slide. A part of the slide (generally the shorter 
one) then would be in excavation and the 
other part, would consist of the soft material 
from the area excavated by the slide carried 
away by gravity and spread along the slope. 

The study and rehabilitation of an area 
that has been subjected to sliding presents 
difficulties that tax the ingenuity of the 
engineer. I t is practically always true that 
an adequate stucly of the area before construc
tion w'ould either have suggested alterations 
in design that would eliminate the possibility 
of sliding or would have suggested preventive 
measures that would have been carried out at 
a lower cost and with greater chance of suc
cess. After a slide has occurred the soil struc
ture is broken down and the soil suffers a 
considerable decrease in shearing i-esistance; 
surface drainage problems are usually ag
gravated; the rough condition of the surface 
in the slide area makes the use of drilling 
equipment for investigations more difficult; 
and the necessity for rapid repair may not 
permit time for the proper study of the area 
which should include a thorough examination 

of subsurface water conditions. The latter are 
particularly difficult to delineate, since they 
may show considerable variation (particularly 
in California) between the time of sliding and 
time of investigation and repair. The actual 
study and repair of a few typical slides under
taken by the writers will be briefly described. 

Figure 4 is an aerial photograph of a slide 
that occurred between two reservoirs which 
form part of the sewage treatment system for 
a new' suburban community located east of 
Oakland. This case wil l be referred to as 
Case A. The site is on a slope of 16 or 17 pei'-
cent and lies at the base of M t . Diablo which 
rises at an increasingly steeper slope to more 
than 3,000 f t . above the surrounding area. 
A brief study of the geology of the area shows 
that M t . Diablo has been formed by a pierce-
ment of highly contorted Franciscan sediments 
through later sediments. As a result the sedi
mentary rocks in the area under study are 
irregular and have been subjected to consider
able folding and faulting (1). Sediments at the 
site of sliding are indicated in the rough sec
tion. Figure 6. 

The owners of the project, believing that the 
slide was just a result of the excessive rains 
at that time, simply tried to bulldoze material 
back into place. They also placed a lateral 
drain approximately 10 f t . deep. A second 
slide (Fig. 5) occurred about two months later, 
during the same rainy season, carrying out 
the drain. Again the owners bulldozed material 
back into place and constructed a second 
drain in about the same location as the original 
one. This time the drain was made approxi
mately 20 f t . deep. A third slide occurred in 
early summer of the same year which carried 
away a large section of the berm for the upper 
pond (this is evident in Figure 4). I t was at 
this time that the writers were asked to 
investigate the condition. 

I n order to carry out this investigation 
borings, 6 in. in diameter, were made in the 
area (Fig. 5). Both disturbed and unclisturbed 
samples were taken from the borings and ob
servations of the water table fluctuations 
organized. During the course of the repair 
work eleven vertical shafts 24 in. in diameter 
(Figs. 5 and 6) w-ere added. The borings indi
cated that north of the ponds there are de
posits of pervious shale and rather impervious 
sandstone or cemented sand (average coeffi
cient of permeability 1.65 X lO"'' cm. per 
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Fifture 4. Aerial photograph. Case A. 

E l a v i n 
Vertical Wells I 

berm 

Eleven hydrauger 

U p p e r Sl ide 3 

Pond 
Sl ide 2 

Figure 5. Site p l a n . Case A . 

sec. in the upper part of the deposit with an 
average natural porosity of 27.7 percent). 
Sandstone was also found at the upper pond 
which apparently has been excavated in this 

Figure 6. Section A-A from figure 5. 

material; and in a few other places at variable 
depths. The rest of the soil material bulldozed 
as i t was, represented a mixture of loams and 
clays of different varieties. A n average of 
representative samples has shown the plastic
i ty index of that mixture at 13.5; the results 
of the mechanical analysis were (percentages 
by size): sand, 43; silt, 40; clay, 17 (including 
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5 i)ercent of colloidal size). These sizes cor
respond to the U . S. Bureau of Soils triangular 
classification chart. 

I n general, the rise of the water level in 
borings and shafts, if such a rise takes place, 
may occur either slowly or reasonably rapidly, 
sometimes in 10 to 15 min., sometimes re
quiring a day or so. Slow rise may be due to 
seepage of the upjier subsurface water into 
the boring and in this case is not critical. I t 
may also be due to the fact that the boring 
is too shallow to completely penetrate an 
imi)ervious cover. Conversely, rapid rise indi
cates that under original conditions the ground 
water at a given spot is kept down by imper
meability of the local soil and that when a 
boring is made water rises to the level of the 

6101 

6 0 0 

piezome 
s u r f a c e 

dry s e a s o n a 

b o r e h o l e s 

^ 6 1 1 

5 9 0 

Fifture 7. Section B - B , from fifture 5. 

piezometric surface at the given place. I f 
there is no rise of water table in borings, the 
water table itself is the piezometric surface. 

Figure 7 represents a section through Bor
ings 12, 13, 1, 2, 5 and 10. I n this profile are 
shown elevations of the natural ground, (i.e. 
those before the first slide) and elevations of 
the water level after i t rose in the borings, 
the latter elevations being those of the piezo
metric surface during the time of investiga
tions. Presumably the piezometric surface just 
before the first or second slide was consider
ably higher such as shown with a hypothetical 
line AB in Figure 7. 

The fact that all three slides occurred at 
the same place, suggested that the impervious 
soil deposit at that place was thin and that 
the slides were caused by ground water under 
high pressure (artesian water). I n other words. 

this particular place acted as a safety valve 
for a boiler with abnormally increased steam 
pressure. Apparently the grading for the reser
voirs had reduced the natural impermeable 
cover over the ground water to where i t was 
insufficient to withstand the piezometric pres
sure during the rainy season. The source of 
the trouble, therefore, seemed to be subsurface 
water under jji-essure. I t was decided to take 
steps to decrease the water pressure by increas
ing the pore area of the material through which 
the water had to pass. I n order to do this 
plans were made to install a system of under
ground sloping drains, locally known as 
"hydraugers" after a machine used for boring 
nearly horizontal holes. 

Hydraugers are extensively used by the 
California Division of Highways both as 
corrective and preventive imeasures for stabil
i ty of slopes where the presence of artesian 
water is established. An excellent example of 
their use is at the site of the large slide that 
occurred just west of Orinda on State High
way 24, in December 1950. The engineering 
staff of the City of Oakland has also had con
siderable jiractice in the use of hydraugers for 
rehabilitation of slides (5) that are particularly 
numerous in that area. 

I t should be noted that the general idea of 
the hydraugers is not to do away with the 
artesian ])ressure completely but simply to 
reduce i t to a reasonable value that would not 
be able to cause a failure. 

I n pervious soils the hydrauger drains may 
simply consist of 2- or 4-in.-diameter slotted 
pipes placed in the ground to increase the 
cross section of the drainage area. The slots 
are about }i in. wide and 2 to 3 in. long. 
About 3 slots per foot of length are ordinarily 
used for 2-in. pipe; the slots are made with 
an acetylene torch. 

I n order to place the pipes a slightly over
sized hole is drilled by a machine whicli is a 
combination of a dri l l and wash borer. After 
the hole is drilled the pipes are jacked into 
the hole and the sections welded together as 
the pipe is fed in. 

I n the particular case under discussion, 
since much of the material encountered was 
impervious, these sloping underground pipes 
were connected at their upper ends to vertical 
shafts or wells, 24 in. in diameter, spaced 
10 f t . center to center and backfilled with 
coarse rock. The hydraugers were drilled into 
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these vei-tieal wells. A vertical section to 
approximate scale along one of the hj'drauger-s 
is shown in Figur-e 8; Figure 5 shows the col
lecting and discharge system. The lower ends 
of the hydraugei-s wer-e led into a steel stand-
pipe which extends above the finished surface 
for pur poses of observation. This in turn dis
charges into a 6-in.-diameter- i)ipe which 
carries the water to a safe dischai-ge point. 

The 2-in. hydi-augei-s were drilled beginning 
with the lowest (No. 1 in Figs. 5 and 6) and 
continuing in order to the highest (No. 11 in 
Figs. 5 and (i). I n near-ly ever-y case water 
was encountei-ed shortly before i-eaching the 
vertical well. The discharge was about 2 to 
3 gal. per min. per hydrauger when the hole 
was fir-st drilled. When all of the holes were 
completed most of the discharge was coming 
from the last thr-ee hydr-augers (i.e., Nos. 9, 
10 and 11, Figs. 5 and 6). The total discharge 

SLIDE.S P R O D U C E D B Y UPPrCR 
S U B S U E F A C E W A T E R 

Figur-e 9 shows a hypothetical case of a 
long slope in cohesive homogeneous mater-ial 
the upjjer layer of which is being saturated by 
the water f rom r-ains. The thickness of this 
layer is designated with symbol z. This upper 
layer is assumed to be underlain by a fii-m 
impervious mater-ial or a completely satu-
i-ated soil layer. Genei-alh- the ujiper- layer-
under consider-ation has undergone a cei-tain 
weathering process; i t will be ter-med "weath
ered layer" hereafter-. I t is assumed further
more that in a transverse section of the slope 
this weathered layer- consists of an upper 
(steeper) portion and a lower- (flatter-) jiortion 
separated by a vertical plane MX (Fig. 9). 
During a r-ainstorm water- flows on the gr ound 
surface and the weathered layer- becomes 
soaked, at least close to the gr-ound surface. 

5754 Hydrauqer Dra 
Avfragt Slop* 3% Dischorqe Pipe 

Original Encavation For Pond 

Figure 8. Typica l section showing hydraugers, Case A. 

was about 5 gal. per min. and i t remained 
fairly constant befor-e the beginning of the 
rainy season. 

After the hydrauger- installation was com
pleted it was necessary to reconstr-uct the 
berni. This involved the placing of about 3500 
cu. yd. of compacted f i l l wi th removal of the 
loose mater-ial under the base of the new f i l l . 

An impor-tant factor in slides caused by 
artesian gr-ound water- is the decrease of the 
shearing str-ength of the earth mater-ial by the 
neutr-al stress (por-e pr-essure), as is the con
sensus (4). Another ])ossibility of failur-e is 
shown in Figui-e 3 when a par-t of an impervious 
deposit is jiushed up by gr-ound water under 
pr-essure. The writer-s are inclined to believe 
that the Case A slide was of this latter type, 
but ai-e not in a i)osition to affirm i t in a definite 
way Ijecause of the distur-bance of the gr-ound 
between slides and consequent loss of evidence. 

Figure 9. Bui ld ing up of pore pressure In the upper 
subsurface water, followed by a slide. 

I n this way water and air within the weathei-ed 
layer are practically confined. 

The following notation wil l be used hei-e-
after: 

k—coefficient of per-rneability of the given 
earth material; 

a, and 0:2—slope angles of the steeper and 
the flatter portions of the weathered 
layer, respectively; 

Qi and Q2—discharge capacities of the 
steeper anil flatter- ])ortions of the 
weathered layer-, respectively, per- unit 
of time and per- lineal foot of the slope, 
and when water level coincides wi th 
the ground surface; 

7„—unit weight of water-. 
Remembering that if the flow lines ar-e pariil-
lel to the gr-ound surface as in this case, the 
hydraulic gr-adient may be assumed to equal 
the tangent of the slope angle, we have 

Qi — A(tan ai)(z cos ai) = kz sin a i (1) 
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and similarly 

= kz sin (2) 

I t appears from Formulas 1 and 2 that the 
discharge capacity of the steeper portion of 
the slope Qi is larger than the discharge capac
ity of the flatter portion Q2 because sin ai 
is larger than sin a j . 

Consider now the beginning of a series of 
heavy rains causing gradual saturation of the 
weathered layer. First the amount of flow in 
both portions of the weathered layer is less 
than Q o ; Vnit at a certain moment the lower 
(flatter) jiortion of the weathered layer be
comes fu l ly saturated with water and en
trapped compressed air. A certain part of the 
water coming through the upper (steeper) poi-
tion of the weathered layer wil l be then 
stored in that portion. 

I t is natural to believe that when water 
gradually fills the pores of the weathered layer 
the flow is concentrated close to the base of 
the latter. Hence, when the lower portion is 
saturated excess water is stored at the top 
of the upper portion the thickness of this 
storage space being (Fig. 9). 

Qi — Qi _ sin a i — sin a2 
Qi sin ai 

\ sm ai/ 

( 3 ) 

For the sake of brevity, let 

sin a2 
1 — - . = m 

sin ai 
Designation m is also used in Figure 9. 
When the stored water reaches a certain 

critical height / / , as measured from the center 
of storage stiip r«2 thick (Fig. 9) hydrostatic 
]5ressure from the upper portion of the weath
ered layer wil l overcome the passive resistance 
offered by its lower portion. I n this connec
tion an active and passive prism develop 
forming roughly angles of 45 deg. with the 
vertical MX. A t failure both prisms are washed 
out, and the washed material spread downhill. 
The hydrostatic pressure causing the slide is 
represented by the cross hatched trapezoid 
at the right (Fig. 9). 

I f in the upper portion of the slope there is 
already a water accumulation that contributes 
to the water flow in that portion but does not 

permit the air to escape from the underlying 
soil-water-air mixture, a slide of the explosion 
type would occur as soon as the lower portion 
of the slope is saturated. The phenomenon 
that takes place in this connection is ,very 
similar to the well known water hammer phe
nomenon caused by a sudden closing of a 
valve. 

An interesting problem (Case B) in re
habilitation of a slide of this type was en
countered at another new suburban com
munity a few miles east of Oakland. An 
excavation for the purpose of constructing 
roads and streets and developing building 
areas had been made at the base of a series 
of hills rising about 300 f t . above the adjacent 
valley. The slope of the hills averaged 25 
deg. The cuts ha(J been made at a one to one 
slope to depths of 10 or 15 f t . 

The next rainy season after this work was 
done a series of slides occurred. Altogether 
six separate slides affected the particular com
munity. Some of the slides were on undisturbed 
slopes and some extended into the cuts. A n 
aerial view of the slides is shown in Figure 10. 

Borings disclosed that dense clays were 
overlain in genei'al by about 5 f t . of less dense, 
more permeable soil. Some gravel lenses, 
which undoubtedly serve as underground 
storage basins during the rainy season, were 
also uncovered. One of these occurred under 
the natural basin shown on a plan view of the 
area (Fig. 11). This collection area was indi
cated to be responsible to a large degree for 
slides 4, 5, and 6 in Figure 11. 

The borings and visual inspection of the 
site seemed to indicate that the slides en
countered were mainly in the nature of rela
tively shallow surface creeping. Remedial 
stei)s included the placing of hydraugers in 
slide areas to reduce pore pressures in the 
critical upper soil la^-er; release of water f rom 
the probable underground storage basins by 
penetrating them with hydraugers; and reduc
tion of water going into the soil by improving 
surface drainage. A general plan of corrective 
measures is included in Figure 11. 

Rehabilitation of a slide caused by sub
surface water is a difficult problem. Though 
hydraugers maj^ be very useful in this con
nection, they are not always fu l ly efficient 
following initial installation. This is especially 
true when the slide is caused by "upper" 
subsurface water, as in Case B . I n such in -
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stances the engineer has to improve his instal- in a new development on the San Francisco 
lation gradually by tr ial and error, and per- Peninsula as discussed hereafter. 

9 

Figure 10. Aerial photograph. Case B . 

Figure I I . P l a n of corrective measures. Case B . 

haps combine hydraugers with rock-filled 
drains or other drainage features. 

SUBSURFACE WATER AND GRADING 

Another example of some effects of sub
surface water under pressure was encountered 

The area again lies at the foot of a fair ly 
high range of hills. The particular site in 
question originally had a maximum elevation 
of about 20 f t . with a gradual slope towards 
San Francisco Bay to the east. An excavation 
was made on the high side and the material 
was used to constract a fill on the low side 
of the area. Although the excavation was 
quite extensive in terms of yardage, i t was 
relatively shallow. The maximum cut varied 
from about 5 to 10 f t . 

A week or two after the cuts were made 
(in May) water began to appear on the surface 
in several places. This was particularl}^ evident 
in street excavations where cuts at the curb 
were below the surrounding finished grade. 
The writers were engaged to study the condi
tion and make recommendations. 

Test borings indicated the presence of sub
surface water under pressure. I t was apparent 
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that the impermeable overcover had been 
made thin enough so that the pressure was 
forcing water through. Since the cuts at this 
location were shallow and no particular danger 
of sliding was apparent, underground open 
tile drains along and parallel to the base of the 
cuts were installed. The drains were placed 
far enough below the surface to go through the 
impermeable cover; this required a depth of 
about 5 f t . in most cases. 

S U B S U R F A C E W A T E R I N T H F F O U N D A T I O N S 
OF F I L L S 

Construction of fills in most sections of the 
Bay Area and adjacent localities must be 
preceded by a thorough investigation of the 
foundation. Cases have been observed when 
subsurface water reaching the foundation of a 
fill produced a general settlement and cracking 
of the latter. I t is true that such phenomena 
are not uncommon in loess areas; but the 
wTiters know of cases of fills on alluvial soils 
built during dry seasons in semi-arid areas that 
have deteriorated when the foundation was 
moistened. Apparently more studies are re
quired along the lines. 

STOPPING S U B S U R F A C E W A T E R A T T H E S O U R C E 

I n preventing and rehabilitating slides the 
authors always t ry to find the original source 
of the detrimental subsurface w'ater and 
stop the trouble at the source or as close to the 
source as possible. Particularly in Case B , the 
system of hydraugers was designed with the 
purpose of reducing the pressure in the sub
surface water especially by tapping possible 
underground reservoirs or streams under 
impermeable cover which tend to build up 
these pressures. 

The authors were pleased to discover that 
the principle of stopping the trouble caused by 
the subsurface water at the source is success
ful ly used by Swiss engineers (6). 

U S E OF A I R P H O T O S I N T H E S T U D Y O F S L I D E S 

Special airphotos of a slide where study and 
rehabilitation are to be made, are of great 
help as may be concluded from the preceding 
discussion of Cases A and B. A n airphoto 
facilitates the surveying and may make i t 
unnecessary, wholly or partly. The cost of 
aerial photography is not high, as i t is often 
believed. The authors' practice has show^n that 

this relatively inexpensive source of informa
tion clearly discloses the details of the sliding 
site, even those that have escaped the atten
tion of the investigator during a visual inspec
tion. 

C O N C L U S I O N S 

Planning and construction of earthwork 
should be based on the knowledge of local 
topographic and geologic conditions, includ
ing subsurface water. 

Experiences in California have showm that 
special attention should be paid to the sub
surface water investigations if the proposed 
earthwork is located at the base of a chain o f 
hills. I n this case the piezometric levels may 
be considerably higher than the actual water 
tables. 

Where an actual failure occurs in earthwork 
or on a natural h i l l slope i t often takes the 
form of a slide. Correction of such conditions 
very often may properly include steps to 
reduce the pressure in the subsurface water. 
This can be done by increasing the pore area 
through which water can travel by the use 
of obUque tubes, often called hydraugers. 
These may be used in connection with vertical 
shafts or wells. 

Excavations in impervious soils at the base 
of a hif ly area for highways or area grading 
require special care. Such excavations should 
not be undertaken without sufficient knowl
edge of subsurface water conditions to avoid 
swampy conditions or sliding. 

Design of fills in semiarid areas should be 
based on the intimate knowledge of the proper
ties of both the fill material itself and that of 
the foundation of the fill. 
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DISCUSSION 

A . W . ROOT, Supervising Materials and Re
search Engineer, California Division of High 
ways, and E . B . E C K E L , Chief, Engineering 
Geology Branch, U. S. Geological Survey— 
This paper is, in our opinion, valuable because 
it emphasizes the important part played by 
subsurface water in causing slides and because 
i t calls attention to the need for more intensive 
study of subsui-face water conditions in pr-e-
vention and correction of slides. Much is 
known about the movement of water below 
the true water table, but pore pressures and 
other factors related to water above the water 
table (called "upper subsurface water" by 
these authors and called "vadose," "mantle," 
or "perched" water by others) have been very 
largely neglected by groundwater geologists 
and engineer-s alike. The authors have per
formed a real service in calling attention to 
this area of relative ignorance; i t is to be 
hoped that they, as well as others stimulated 
by their paper-, wi l l continue research in 
this field. 

Krynine and AVoodward stress the hazard 
which exists at the base of a hi l ly area. Though 
the geology of the terrain may be such that 
the base of the slope is critical, we believe that 
the stability may be just as questionable 
along the steep slope above the base of the 
h i l l . I t has been our experience and observation 
that construction of either embankment or 
excavation well above the base of steep slopes 
may be dangerous. For the stratigraphic 
conditions depicted in the paper the hydro
static pressure would, theoretically, be great
est near the base of the h i l l ; in reality, exces
sive pressures may obtain well up on the 
slope. 

There is a reference to flow of sub-surface 
water similar to the water hammer phenome
non in pipes; the analogy does not seem to be 

well chosen, as we doubt that the authors 
intended to imply that the velocity of flow of 
the ground water is sufficient to resemble water 
hammer. Throughout the paper we get the 
impression that the upper subsurface water-s 
tend to move rapidly and along narr-ow, 
elongate courses similar to surface streams. 
We grant that ground waters do move rapidly 
at times, and even that some of them follow 
narrow courses, but we feel that these are the 
exceptions rather than the rule. 

I t is noted that the term "hydi-auger drains" 
is used throughout the paper. We prefer to 
describe this type of drains as "horizontal 
drains"; Hydrauger is a trade name for one 
particular type of drilling equipment; the 
Hydrauger equipment is used for installing 
horizontal drains, although not exclusively; 
other types of drilling equipment are used for 
the same purpose. 

Although some of the above comments ap
pear to be in the nature of fault finding, we do 
not wish to belittle the value of the paper. 
I n general, we agree with the authors' conclu
sions as to cause and corrective treatment. We 
believe also that the paper wi l l promote better-
understanding of the nature and effects of 
subsurface water. We heartily agree with 
their statements which point out the difficul
ties involved in analysing a landslide and 
emphasize the desirability of adequate study 
of questionable areas during design stages. 

E A R L M . B U C K I N G H A M , Supervising Civil 
Engineer, City of Oakland, California—The 
authors have presented a stimulating paper 
and have given interesting descr-iptions of some 
of their work which involved difficult prob
lems. I t is refreshing to read a paper which 
does not attempt to force all slides into a set 
of stereotyped patterns, but recognizes each 
as an individual problem. Case A is an excel
lent example of this individuality. A t first 
glance this slide seems impossible of solution, 
as i t was necessary both to dry the slide mass 
and to maintain an unlimited supply of water 
a few feet away on the upper side of the dam. 
The existence of the source of water that was 
causing the trouble could only have been dis
covered by a thorough and capable investiga
tion not hampered by preconceived generaliza
tions. 

The layout shown in Figure 5 is an ingenious 
adaptation to the site. Had the topography 
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been more favorable i t might have been better 
to drain all wells by a single hydrauger boring 
from a pit located on the westward extension 
of the line of the wells. The pit would in turn 
be drained by boring from a point to the west 
of the slide. This scheme would have presented 
several advantages. The footage of hydrauger 
borings would have been materially reduced, 
and i t would have been possible to increase 
the number of wells, probably to double the 
number used, to provide a more complete 
cutoff. More important, the works would have 

Where the flow of feed water is concentrated 
in a well-defined channel, either under pressure 
or of considerable depth in a pervious body, i t 
may be sufficient to relieve the jjressure with
out obtaining a positive cutoff of all flow. 
Case A and the Orinda slide mentioned by 
the authors are examples, as is the Barrows-
Holman slide. However, hydrauger borings 
parallel to the slide motion are seldom effec
tive unless the water is concentrated in a small 
area at or i)referably above the head of the 
slide. The writer tried borings of this type on 

P i t ( B o c k f i l l e d 
with rock)- W e l l s on Hydrouger Boring 

Manhole 

U N D E R H I L L S 
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C r e e k 

Figure A. UnderhlUs Road slide. 

been entirely removed from the area of the 
slide. AMiere borings rtm through or under 
the slide mass there is fre(iuently the possi-
bi l i ty of leakage from the borings entering 
the slide, or even of the destruction of the 
drainage |)ipes by renewed or deepened slide 
movement. However the tojiography did not 
lend itself to the foregoing treatment, as the 
required pit would have been excessk-ely deep 
and would probably have encountered rock 
too hard for hydrauger boiing. The scheme 
adopted by the authors seems the most suitable 
for the site. 

theMcKi l lop slide and in the 1940 work on the 
Simmons Street slide without noticeable effect 
in either case. The following year the Sim
mons Street slide was ari-estefl, though not 
completel\- stopped, hy a system of borings 
forming a cutoff transverse to the slide, sup
plemented by longitudinal borings to drain 
known aquifers. Movement since that time 
has averaged about 0.02 f t . per year. 

I n view of this experience, the writer prefers 
the most jiositive cutoff that can be obtained. 
A pipe drain in a continuous rock-filled trench 
wil l intercept all flow. I f the trench is located 
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in the slide area i t must be of sufficient depth 
to be below any possible movement. Where 
the depth is such as to preclude a continuous 
trench, or where i t is not desirable to open a 
trench across the slide, a reasonably complete 
cutoff can be obtained by a series of pits 
drained by a connecting tunnel. Two factors 
are involved in determining the size and spac
ing of the pits. I t is important that no material 
flow be allowed to pass between the pits, so the 
spacing must be close enough to intercept 
all probable channels. On the other hand, the 
undisturbed areas should be of sufficient size 
to provide some support to the slide mass unti l 
the pits can be backfilled. Depending on avail
able equipment, pits may be constructed either 
by conventional excavation with a crane and 
clamshell, or as circular borings 2li to 3 f t . 
in diameter. Because of the rapidity with 
which borings can be made and cased the 
clear space between pits can be reduced to as 
little as 2 or 3 f t . , correspondingly reducing 
the danger of missing an important channel 
and considerably shortening tunnel lengths. 

I t is frequently possible to install the hori
zontal drains in hydrauger borings, eliminating 
all hand tunneling. I n collaboration with 
Hyde Forbes, consulting engineer and geolo
gist, Palo Alto, California, the writer has just 
completed such an installation on Underbills 
Road, in Oakland, as shown in Figure A. The 
formation involved is a highly sensitive yellow 
silt clay which has considerable shearing 
strength in the undisturbed state but is almost 
viscous when remolded. I t was therefore felt 
that the corrective works should be kept out 
of the slide mass as much as possible, and that 
the water must be intercepted before i t 
entered the slide. 

The first serious movement of this slide 
occurred in the early part of 1943, and at 
that time appeared to involve little more than 
the topsoil and an old fill which covered much 
of the area. As this surface material was re
moved by sliding into the creek rainfall 
reached progressively lower and the slide 
involved deeper material year by year. I n 
1952 an area to the west of the original slide 
began to move, and a crack opened in the 
street area. While the original slide seemed to 
have been caused primarily b\ ' direct rainfall, 
this additional area was obviously fed by an 
underground source. Meanwhile, the move
ment of the old slide had unc^overed a winter 
spring which undoubtedly contributed to the 

movement. Test borings in the street did not 
locate any large channels that could be tapped 
by hydrauger borings but i l id encounter 
several wet areas at depths ranging to about 
30 f t . Below this depth the clay was much 
harder and apparently ]jractically impervious. 
The pit shown in Figure A was excavated 
about 2 f t . into this im|3ervious clay, and a 
boring made from a point near the creek to 
the bottom of the pi t . Because this boring 
passed close to or possibly within the slide 
mass, i t was used only during construction 
to carry awny wash water and cuttings from 
the hydrauger and well borings in the street. 
The permanent outlet was through a second 
boring on a flatter grade, some 15 f t . below 
the bottom of the pit and connected to the 
pit by a well. Working from the pit, two 12-in. 
hydrauger borings were made across the head 
of the slide, and cased with 6-in., perforated, 
corrugated iron pipe. Seven-inch drainage 
wells were then drilled to connect to the hy
drauger borings, spaced about 2 f t . opposite 
the crack in the street and where watei' was 
found, and about 3 f t . elsewhere, with some
what greater spaiung where obstructions were 
encountered. 

Based on the exj)erience gained on this 
project, i t is believed that a satisfactory inter
ceptor can be constructed by this method. 
The hydrauger borings should be considerably 
larger than the casing, and the size of the 
wells should be increased to at least 12 in. 
Except for such pi-eliminary wells as may be 
necessary to locate the hydrauger line, well 
drilling should proceed from the upper end of 
the line. As each well is completed i t should 
be filled w-ith fine gravel, sluiced in place. This 
gravel wil l advance along the hydrauger pipe 
and protect i t from damage while drilling the 
next hole. The well dril l should be of a type 
that is withdraw'n from the hole to remove cut
tings, as there is danger of damaging the pipe 
if a continuous auger is used. 

While slides caused hy hydraulic pressure 
are not unusual, probably a greater number of 
small hillside slides are the result of simple 
saturation. These slides may occur on any 
portion of a slope, depending on such factors 
as configuration of bedrock, location and 
volume of feed water, and depth and character 
of overburden. The writer has observed cases 
in which direct rainfall caused the surface of 
a slope to liquefy and flow across a four-lane 
highway wdth a depth of only about 6 in. 
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The initial action of these saturation slides 
does not involve pore pressure, but consists 
of lubi'ication, destruction of capillary cohe
sion, and increased weight. However the 
slightest deformation causes an increase in 
pore pressure, and in some cases almost com
plete liquefaction occurs very rapidly. On the 
other hand, movement may continue at an 
imperceptible rate throughout the entire rainy 
season. Slides of this type would probably not 
be corrected by relief of pressure, but would 
require complete interception of feed water 
as high on the slide as possible. 

I t is not ordinarily economical to attempt 
to stop slides caused by direct rainfall, unless 
property of unusually high value is involved 
or the slide can be stabilized by some such 
means as a nominal retaining wall. Even where 
the feed is underground i t may, in some cases, 
be desirable merely to remove mateilal f rom 
the toe and allow the slide to proceed imt i l 
i t stops itself by daylighting the feed channel 
and forming a spring. This is the process by 
which Nature stops her slides, and if given a 
li t t le assistance, such as the treatment of 
Slide 2, Figure 11, i t is frequently very ef
fective. I f the process is left entirely to Nature, 
movement is likely to be renewed during a 
subsequent wet period. The basis shown in 
Figure 11 is an illustration. This depression 
was formed by an old slide, clearly visible in 
the aerial photograph (Fig. 10). I n all proba
bi l i ty the slide progressed unti l the source of 
W'ater was exposed at the head and drained 
in the general direction of Slides 5 and 6. 
Movement would have stojjped or slowed 
materialh', and reconsolidation would have 
taken place during the next iieriod of dry 
years. Eventually the escape channel became 
buried by detritus and the watei- again, moved 
through the slide mass, which however, re
mained stable unt i l the excavations were made 
at the toe, bringing about the conditions de
scribed by the authors. 

I n conclusion, this writer wdshes to empha
size that each slide is an individual problem, 
which can be solved if a way can be found to 
remove the water that is causing i t . AA'hile 
certain generalizations are helpful, the water 
is still whei-e i t is found, and no possible source 
should be overlooked. The authors have made 
a real contribution by reporting in detail on a 
particular type of slide action in which artesian 
pressure is the dominant factor. 

D . P. K R Y N I N E and R . J . WOODWARD, 
Closure—In response to the interesting and 
illustrative discussion of this paper, the 
authors wish to establish certain distinctions 
concerning various phases of ground-water 
flow and, at the same time, to clarify the 
terminology of the latter. 

During periods in which no rain falls for a 
long interval of time, there is a capillary fringe 
above the water table overlain by a zone of 
hygroscopic moisture. Occasionally there may 
be some perched or entrapped water between 
the water table and the ground surface. The 
geologic term vadose water possibly covers all 
of these kinds of soil water. 

After a prolonged period of heavy rains the 
situation changes, however, particularly in 
soil deposits having lower permeabilities. 
I n such cases there is a zone or layer below 
the ground surface in which water is moving 
downward toward the true water table. 
These layers of upper-subsurface w^ater seep
ing downward through the soil have been ob
served scores of times by the authors in 
borings, at a depth from 1 to 5 f t . below the 
ground surface. The water in these layers is 
gravitational and in many respects similar to 
that under the ti'ue water table. The prin
cipal difference between the two consists in 
the direction and perhaps the velocitj- of the 
flow. Presumabh', in a general case above 
and below^ this layer, there are fringes of 
capillary and of hygroscopic water that may 
merge wi th those located above the true 
ground-water table. I t follows that, in a deep 
boring intersecting such layers, the moisture 
contents at various depths may vary con
siderably, even in a perfectly homogeneous 
soil material. Moreover, such moisture con
tents are characteristic for the given place 
at a given time only, a ("ircumstance that 
should be seriously considered by those study
ing the laws of moisture distribution in deep-
borings. 

A layer of gi'avitational water as described, 
located a few- feet below the ground surface, 
may constitute a veritable curtain obstruct
ing the downward motion of additional rain 
water, since the carrying capacity of the soil 
pores has already been reached in this zone. 
The additional water has to move down-
slope over the curtain. This may cause land
slides to occur as described in the body of the 
paper. I f the rain water should fill up all of 
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the soil pores to the ground surface, the sur-
ficial and the undersurface flow could merge. 
I f this should occur, the velocity of the under
surface flow would increase because of the 
drag (shearing stresses in this case) exerted 
by the upper layer of the combined stream 
on the lower layers. I t is obvious that the 
"curtain" as described above should approxi
mately follow the surface topography; this 
is the principal reason for the formation of 
subsurface-water streams over thinner ground

water layers that may completelj- disappear 
during dry seasons. 

Though the term hydrauger as used in the 
Pacific Coast area may not be correct, i t 
cannot be replaced by the term horizontal 
drains. I n fact, if the pipes termed hydrau-
gers were horizontal, water would not flow 
through them. The slope of a hydrauger 
should be greater than the gradient of the 
ground water; in the authors' practice a 5-
percent slope is often used. 

Stabilization of Fine-Grained Soils by Electro-
osmotic and Electrochemical Methods 
K . P . K A E P O F F , Engineer, U. S. Bureau of Reclamation, Denver 

THIS paper gives a brief explanation of the fundamental prolcesses of stabilization by 
electroosmotic and electrochemical means and cites the work of early investigators. 
The author investigated the effectiveness of the two methods by laboratory tests on 
two soils. The first type, a sand\' silt, was investigated in the laboratory during develop
ment of testing techniques; the second, a medium fat clay, was investigated to evaluate 
and check the technique and apparatus developed. Tests included grain-size distri
bution, plasticity, standard compaction, triaxial shear, base-exchange capacity, X-ray 
diffraction, microscopy, and others. Data include time of lowering of phreatic line by 
well-point and by electric-potential methods, relative permeability prior to and after 
electroosmotic treatment. Eight figures illustrate equipment and indicate relationships 
established in the investigation. 

# W I T H I N recent years increased impor
tance has been given to the development of 
practicable methods of stabilizing fine, un-
staljle soils by removal of excess moisture or 
by the introduction of chemicals into the 
material in place. Previously, the incomplete 
knowledge of the ]5hj'sicochemical nature of 
earth materials was a major obstacle to this 
development. However, the rapid advance
ments made in the technology of soil me
chanics and in the improvement of techniques 
of analyses of the mineralogio constituents, 
crystalline structure, and physicochemical 
properties of earth materials have opened new 
fields for soil mechanics engineers. 

Two important techniques developed to 
stabilize fine-grained soils are the electro
osmotic and electrochemical processes. These 
processes produce a movement of liquid 

through porous material under the influence 
of an electromotive force. The movement of 
liquid through poi'ous material was described 
the first time in 1808 by Reu.ss (5, 7, 8, 9,10). 
This movement of liquid results f rom electi'o-
phoresis in electroosmotic phenomenon. Elec
trophoresis is the transfer of particles in 
suspension due to the action of the electrical 
field, created by the flow of the current, on 
electrical charges carried by the particles. 

Electrophoresis and electroosmosis are in
terpreted f rom the hypothesis of the "double 
layer," formulated for the first time in 1861 
by Quineke. This hypothesis depends upon 
the supposition that a spontaneous electrifica
tion exists at the contact surface of a solid 
and a liquid prior to any external electrical 
action. The surface of the soil is usuallj ' 
charged with a certain electrical layer, and an 




