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until refusal in. the deeper dense sands was ob­
tained.

A relieving platform type bulkhead along 
the shore property line permitted the placement 
of fill and roadway and act°d as a final contri­
bution to the stabilization of the plant area.

The plant has now been in full operation 
for seven years, during which time careful 
level and transit recirds have shown that there 
have been no further movements of soil or 
structures. A small maintenance crew is charg­

ed with the responsibility of keeping all open­
ings in pavements and all joints between pave­
ments and structures, caulked or cement grout­
ed, so. as to assure that no storm water will 
enter the soil in the paved area on the river 
side of the cut-off drainage trench. The same 
crew regularly cleans out the drainage pipe 
and the catch basins provided in the man holes 
in the drainage line. As noted above, the 
drainage pipe has been steadily discharging a 
stream of clear water at each of its river out­
lets.
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STTMMABY

Because of the complexity of the field conditions, the critical character of 
the materials involved and the unusual depth of the cut, the slope stability analysis 
for the Delts-Mendota Intake Canal was performed on the basis of data obtained by a 
detailed field investigation and laboratory testing program. The stability analysis 
was based upon the Swedish theory (slip circle) as developed by Pettereon, Hultin, 
Fellenius, and others. Before applying the Swedish method to the study of the pro­
posed slopes, the unit weight, cohesion, and internal friction values were determined 
on undisturbed soil samples in the Earth Materials Laboratory.

The purpose of this paper is to present the general procedures followed for the 
systematic use of field investigations, sampling, and laboratory testing with a well- 
known slope analysis method in obtaining a rational design of earth slopes.

INTRODUCTION.
The intake canal for the Delta-Mendota 

Pumping Plant is located at the foot of the 
low-lying hills to the west of Tracy,Califor­
nia. Up to a cut depth of 80 feet at the pump­
ing plant, preliminary estimates indicated that 
it was more economical to extend the intake 
canal rather than pressure pipes on the dis­
charge side of the pumping plant. The logs of 
test holes and samples of the soil indicated 
a saturated cohesive soil (sandy clay,clayey 
sand, sand, and clay). For cuts deeper than 
80 feet in this type of material, the required 
slopes would be flattened to such an extent 
that the cost of excavation plus the cost of 
additional right-of-way would be higher than 
the cost of a discharge pipeline. Due to the 
unusual depth of cut and the type of soil, it 
was deemed advisable to incorporate field ex­
perience and a mathematical analysis supported 
by laboratory test data in arriving at the fi­
nal canal sections. The mathematical analyses 
which were performed on four sections (cuts 50, 
65, 80, and 100 feet in depth) were based on 
the Swedish theory as developed by Petterson, 
Hultin, Fellenius, and others.

of the natural materials in the cut area.
The soils throughout the cut area are se­

dimentary, lenticular clayey sands and sandy 
clays with some pockets of sand and clay.These 
sediments are compact and cohesive except for 
a few sandy beds, up to 7 feet thick, that are 
moderately friable. The clays are stiff and 
compact. The groundwater table lies at a depth

FIELD INVESTIGATIONS. SAMPT.TJT&. AND r.ABQRATORY 

TESTING.

The investigation program consisted of Dennison sample after casing was removed,
drill-hole exploration, sampling, and labora­
tory testing to determine the characteristics FIG.2
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FIG.1

Triaxial shear specimen after failure.

FIG.3

of approximately 12 feet in the test holes. 
Three 2-inch diameter drill-holes were put down 
along the proposed inlet canal line, and the 
drill-holes were logged. Using the drill-core 
data as a basis for location, six Denison holes 
were drilled and 6-inch diameter soil cores 
were secured. These undisturbed cores were ship­
ped to the Denver laboratories for testing. 
Extreme care was taken in drilling, handling, 
shipping, and opening the samples so that dis­
turbance to the samples was minimized. The lo-

Triaxial shear machine.

FIG.4
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cations of the exploration holes and the cross- 
sections of the proposed canal cuts, with the 
depths and classifications of the samples,are 
shown on Figure 1. Figure 2 is a picture of a 
typical Denison sample after the casing was re­
moved.

The samples were opened in the laboratory 
and were inspected by members of the design 
and laboratory staffs, and the holes were logg­
ed. Gradation and visual classification tests 
were performed on each sample. These data are 
included in Table 1, and the gradation curves 
of the materials are shown on Figure 5* The 
soil cores were grouped as to soil types, and 
"representative" samples were selected for tri­
axial shear and consolidation tests. The con­
solidation tests were performed to secure in­
formation regarding the pumping plant struct­
ure foundation. As the foundation information 
is not pertinent to this paper, no further dis­
cussion of the consolidation tests will be made.

The triaxial shear tests were performed 
primarily to determine the internal friction 
and cohesion characteristics of the soil. Other 
data, including unit weight (dry and saturated), 
natural moisture, degree of saturation in 
place, ana the pore pressure characteristics, 
were also determined. The triaxial shear tests 
were conducted on three or iaore small companion 
specimens from each "representative" sample.
The small specimens, 1-3/8 inches in diameter

by 2-^/8 inches long, were used in this test­
ing program so that all of the companion spe­
cimens could be cut from the same horizon of 
the sample, thus insuring greater uniformity.
At least two similar specimens, tested to fail­
ure under different lateral pressure conditions, 
are required to determine the internal fric­
tion and cohesion values. Since undisturbed 
specimens are rarely identical as to density, 
moisture, and composition, three or more spe­
cimens were tested in order that the results 
might serve as a mutual check.

The procedure for the triaxial shear tests 
performed in this program is given briefly as 
follows: The small cylindrical specimens were 
cut from a block of the Denison sample by means 
of knives and a trimming tool. Each specimen 
was then placed in a thin rubber sieve, and 
the sleeve was clamped to perforated end-plates. 
The initial specimen volume was determined by 
weighting the specimen and container in air 
and water, the volume of the container being 
deducted from the total volume thus obtained.
A specimen was then placed in the triaxial 
shear machine and the top perforated end-plate 
was connected to a "no-flow" pressure cell for 
pore pressure measurement. The pressure cham­
ber around the specimen was filled with water 
and the desired constant lateral pressure was 
applied. Constant applied lateral pressures of 
6.2 to 100 psi were used. After an initial con-
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solidation period under the lateral pressure, 
the axial load was applied at a rate of O.Ol 
inch of axial strain per minute until failure 
occurred. Axial load, axial strain, volume 
change, and pore pressure measurements were 
taken at 2-minute intervals during the testing 
period. This procedure was repeated using other 
constant applied lateral pressures (from 6.2 
to 100 psi; for each companion specimen of ary 
one sample, and a relationship was thus esta­
blished between the lateral pressure and axial 
pressures at failure. Figure 3 shows a typical 
triaxial shear specimen after failure, and 
Figure 4 shows the triaxial shear machine. The 
test data were analyzed graphically by the use 
of Mohr stress diagrams, and the internal fric­
tion and cohesion values were determined from 
the envelope of limiting shear resistance 
(Figure 6). A least squares method was used to 
determine the most probable tangent to the 
stress circles. For the construction of the 
Mohr diagrams, the effective lateral pressure 
was considered as the minor principal stress 
and the effective axial pressure to be the ma­
jor principal stress, where the effective pres­
sures equal the applied pressures minus the 
measured pore pressures. It is assumed that 
this correction for pore pressure allows the 
determination of the shearing resistance which 
exists in the absence of pore pressure.

Inasmuch as loading conditions imposed 
in the laboratory are different from those im­

posed upon a soil mass in a structure, and as 
drainage restrictions may also be different, 
the reduction of the sealed triaxial test data 
to zero pore pressure conditions offers a me­
thod of analysis that is more easily interpre­
ted and applied. End pore pressure measure­
ments were made, instead of insert measure­
ments, because the end method is more applica­
ble to standard test procedures. Previous la­
boratory studies have shown that accurate pore 
pressure measurements can be obtained at the 
ends of the specimens, provided rigid test 
procedures and adequate testing equipment are 
used.

ANALYSIS OF CANAL SLOPES.
The Swedish theory or "slip circle" as 

developed by Petterson is based chiefly upon 
two assumptions: (1) that, when failure occurs", 
the sliding surface is an arc of a circle,and 
(2) Coulomb's theory that the effective unit 
shearing resistance 5 of soils can be express­

ed as 5 » c + 0"n taticp where c is the unit co­
hesion, is the effective unit normal pres­
sure, and 0 the angle of internal friction.
The cylindrical surface having the least stabil­
ity is found by comparing the shearing force 
with the shearing resistance of the material 
along several possible surfaces of failure. The 
least stable circle is called the critical cir­
cle.
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Center  = 0 5> L = 4 9 7 ,  R = 335

PLANIMETER REAOINGS
1340 2166 5857
0510 1340 5030
830 826 827

028 x29.83 x130= 3211*
3130 4096
2166 3130
964 966

965 x29.83 x62.4 =1796*
4557 4714 5030
4400 4557 4872
157 157 158

157 x29.83 x130= 609 *
609 5 (3211-1796)

497
■ - 199#/sq.ft

-  P . .450 X 497+ [.5(3211-1796)3 
' 609
■ 1.53

S C A L E  OF FEET

N O T E S

T  = 1 3 0  * / C . f  

t o n  *  = 0 . 5

c  = 4 5 0  » / s q . f t .

CENTRAL VALLEY PROJECT-----

D E L T A  -  M E N D O T A  C A N A L

P R O P O S E D  SO ’C U T  
IR C L C  C O N S T  R U C T I O N

SUBMITTED..............................

Proposed 80' cut.

When the slope is not a straight line or 
when a number of slopes must be investigated, 
the Swedish method using finite segments may 
prove lengthy and cumbersome as it involves the 
determination of the centers of gravity of ir­
regularly shaped areas. The following procedure 
as developed by D.R. May (Transactions— Second 
Congress on Large Dams, Vol. IV, 1936) elimin­
ates this feature and simplifies the solution 
for rf* and z O^.Values of f^ and o^for several 
points of the arc are plotted as ordinates and 
connected as shown in Figure ?. The areas be­
tween the respective curves and the X axis are 
planimetered and the total shearing force and 
the total normal pressure are found by multi­
plying the areas obtained by j , the unit weight 
of soil.

The effect of groundwater is found in the 
same way. The total normal pressure and the to­
tal shearing force are found using the saturat­
ed weight of the material. The uplift of the 
hydrostatic pressure being always normal to a 
circular arc does not alter the total shearing 
force. It does, however, reduce the normal pres­
sure available for friction between soil partic­
les by the amount of the hydrostatic pressure 
that is transmitted across the arc through the 
water.

In solving for the safety factor, this up­
lift is subtracted from the total normal press­
ure found from the saturated weight of the ma­
terial.

By denoting this uplift asxu, the factor 
of safety is given as:

cr Lc + tan cp(I<r„-Iuw) where L is the length
along the arc.

Z tf

Slip circle construction.
FIG.7

An. example of this construction is shown in Fig­
ure 7 for the 80-foot cut.

Before applying the Swedish method to the 
study of the proposed slopes, the unit weight, 
cohesion, and internal friction values of un­
disturbed soil samples were determined by the 
Earth Materials Laboratory. The lowest cohesion 
value was used to minimize the effect of cohe­
sion on the final result. The average values of 
the saturated weight and tan 9 were used to sim­
plify the slip circle calculations. These as­
sumptions gave the following results:

I = 130 lb per cu ft (saturated
weight)

c = 450 lb per sq ft (cohesion)

tan 0= 0.50 
Using these laboratory values of c,0, and 

the weight of the saturated soil, the various 
canal sections shown in Figure 1 were investiga­
ted by the Swedish method. As the depth of the 
water in the canal will be approximately 17 feet, 
the effect of this weight on the toe of the slip 
circle was neglected. Because of the saturated 
condition of the soil, the position of the ground­
water surface and the possibility of slight pore 
pressure development, the total uplift of the 
hydrostatic pressures was assumed to be equal 
to the weight of a column of water based on a 
groundwater surface along the face of the cut.
The material in the spoil bank was assumed to be 
without cohesion in these stability calculations. 
By trying several circles and noting the requir­
ed cohesion values for each arc beside their 
respective centers, curves were drawn through 
these centers representing equal values of co­
hesion required for stability. From a study of
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the isostatic lines illustrated by these curves, 
the approximate center of the critical circle 
was more readily ascertained. On the basis of 
these analyses, the 80—foot cut was selected as 
the most economical section for the pumping 
plant.

CONCLUSIONS.
The results of the field investigations 

and laboratory testing indicated that although 
the materials were sedimentary, lenticular, 
clayey sands and sandy clays with some pockets 
of sand and clay, the friction values were fair­
ly uniform and the tan <f values were closely 
grouped about 0.50. The cohesion varied consid­

erably and a minimum cohesion value of 450 
pounds per square foot was selected for the 
slope analysis.

The sections shown in Figure 1 were de­
termined by the stability analysis. Under the 
design conditions, the slopes have a safety fac­
tor of 1.4 to 1.5« These slopes were in close 
agreement with those recommended by the field 
after they had inspected existing cut9 (up to 
50 feet deep) in the general vicinity. As a re­
sult of the analyses, field studies, and econo­
mical considerations, this design of the 80- 
foot cut was adopted and construction, which is 
now under way, will be completed in the spring 
of 1948.

-o-o-o-o-0-0-0-

IW FAILURE OF A BIG RETAINING WALL AT " WIENFLUSS " CREEK-SHORE IN VIENNA. VI
IVc11 — ------ --------------------------------------------------------------------------

Dr. R.F. TILLMANN 

(Vienna, Austria)

INTRODUCTION.

A part, about 163 meters long, of the 
left shore retaining wall (about 10 meters 
high) at "Wienflus3ii-creek in Vienna was dis­
placed outward and deformed by pressure of 
clay-soil and fill at wall-back. Cause of that 
failure was erosion by ground water seapage in 
consequence of deteriorations of concrete lin­
ing of creek-bottom by bombholes. During repair- 
work slope of earthcut behind the wall slid 
down after a year of stability in an extent of 
about 50 meters in length, drawing with it two 
big flats at its top. That secondary earth 
movement occurred within the reach of influ­
ence of an artesian well. Safety against slid­
ing had been computed following Prof. Felle- 
nius to be at least 1,7 (-and was lateron reck­
oned at the base of observed rather logarith­
mic sliding-cylinder to be at least 1 ,5”)« 
using soilmechanical characteristics found by 
testing "undisturbed" clay-samples drawn out 
of normal drillholes. So unstability of that 
terrain could not be recognised by soil mechan­
ical methods adopted. Secondary sliding may 
have been effected by a lubricating layer be­
tween two layers of normal clay, that inter­
mediate layer not having been detected by bor­
ing. On the other hand resistance of clay soil 
may have been found too great because of an 
eventual compression of the samples during sam­
pling work.

The regulated bed of "Wienflu3s"-creek in 
the inner districts of Vienna is bordered at 
left side by the retaining wall here in ques­
tion. At right hand a lower wall is lining the 
creek-bed and at the same time the cut,contain­
ing municipal electric railway which runs along 
"Wienfluss"-creek in that part of the city.The 
second of that creek dealt with in this report 
is situated between 2 bridges and shown in figu­
res 1 and 2, the latter photo having been tak­
en before Vienna had been attacked by bombers. 
Sole of creek—bad is lined with concrete,about
0,6 m thick. Both shore walls are built up in 
concrete at the base and in stone masonry at 
the top, foundation of them not being deeper 
than 1 m below creek-bottom.

FIG.1

On April 23rd 1946 the above mentioned 
wall almost suddenly moved outside simultaneous­
ly tilting creek-ward. Dimensions of that re­
taining wall and the extent and manner of its 
displacement are to be seen in figure 3. The 
photos in figures 4 and 5 illustrate by view 
the immediate effects of that wall displacement. 
Figure 6 shows the steadily diminishing pro­
gress of wall movement after its first big step.

In order to investigate the cause of that 
disastrous phenomenon the topographic conditions 
(see figure 1 ) and the characteristics of the 
underground in situ had to be studied. 10 drill­
holes (I till X) and two investigationshafts 
were at once sunk down. The results drawn from 
them could be used for designing the geologic­
al profiles shown in figures 7 and 8. It may be 
recognised from these figures and the geological 
map of Vienna that the underground of the "Wien-
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