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FLOWN SLIDE PHENOMENA
INVESTIGATION OF FAILURE OF SHEFFIELD DAM
SANTA BARBARA, CALIFORNIA
I - INTRODUCTION

1. Authorization.-Presented herein are the results of a com=

bined field and laboratory study of the failure of Sheffield dam. This
report is part of the Civil Works Investigation as authorized by the
Office, Chief of Engineers, in December 1947 and performed by the Los
Angeles District in accordance wiéh-instructions outlined in a letter
from the Office, Chief of Engineeré, subject: "Flow Slide Phenomena,"
" dated 28 January léhB. 2

2. Purpogse of the study.-The specific purpose of this investiga-

tion is to determine if the failure of Sheffield dam during an earth-
quake in 1925 was the result of a flow slide, The investigation of the
probable regéon for the failure of the dam is the bgsis of this report.

3. History of Sheffield Dam.-The Sheffield reservoir, a distribu-

" tion reservoir of the Santa Barbara Municipal Water Department, was
coqatructed in the winter of 1917 in a ravine north of the city of Santa
Bﬁrbara. The plans and specifications were prepared in the engineering
‘bffices of Mr. J. B. Lippincott of Los Angeles, California.

Figure 1 shows a general plan éf the reservolr and the dam. Figure
2 is a sketch of a typical design section. The dam was an earth embank-
ment 25 féet high and 720 feet long. The embankment was constructed of
pit-run material from the reservoir excavation, and was compacted by
routing the light construction equipment over the fill. The upsﬁrémn
slope was desighed with a 4-foot clay blanket which was extended into

the ground 10 feet to serve as a cut—off wall. The clay blanket was



to be overkxin‘wiih a 3-inch concrete fécing. Iﬁ is fairly well
eshablished that no formal sfripping of the top soil under the embank-
ment was done prior to construction of the dam. No drainage provisions
at the downsﬁreah toe were included in the desigh. Due to lack of con-
, struction records and field control, the compﬁsition of the embankmént
ag built and thé degree of compaction obtained is‘not known. |
At 6:00 A.M. on June 29, 1925, a severe earthquake, rated by Dr,
Bailey_Willia»éf Stanford University between VIII and IX on the Rossi-
~ Forel scale, occurred at Santa Barbara which caused the central bortion
of the main dam to move out as though it were hinged at the lower left
corner, Of interest is the fact that the plant growth on the downstream
;ide of the displaced mass was undisturbed after the slip. Before the
failure! seepage which was pqrcolating,either through the foundationlor
embgnkmcnt was noted by observers: near the downstream toa.
In 1925, a temporary structure was constructed to elevation 647.
The foundation was removed to bedrock and replaced with a well-compacted
rill. Aé shewn in various photographsl the stock piles at the ends of
ihe dam were not removed. Figure 3 shows a section of the reconstructed
' dam.
In'l936,iP.W}A}ffunds were used to raise the structure to elevation
658. The l925/embahkment‘was left intact but all other sections wefe
removed'énd replaced by a compacted fill. The reservolr was dredged and

‘the bottom was paved. Considerable rock was found in the regervoir

1 Memorandum Re Failure of Sheffield Reservoir in Earthquake of 1925,
L. P. Lippincott, Engineering Offices, Los Angeles, California
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axcavation. All rock under 6 inches in diameter was placed on the earth
£111. All rock larger than & inches was placed in the drain at the down-
gtream slope., Figures 4, 5, and 6 show the details of the present

structure, ' :

II - EXPLORATORY PROGRAM

4, Purpose.-The purpose of the field exploratory work was to
obtain data from which field conditions, similar to»thqae existing im%
mediately prior to the earthquake in 1925, could bse recanstructed. 1In
planning the detailed exploration it was necesaary.to place much reliance
- on information furniéhed by pe rsons who werse associated with the originaj
projectf As most of the information was recalled f rom ﬁémory, theré are
conflicting views on a number of points. A major point on which opinion
differs is the exact methods used in the reconstruction of the dam. As
has been pointed out in paragraph 2, a temporary structure was built in
i925‘to elevation 647, approximately 11 fgét below the £0p of the origingl ‘
aembankment. . Ip is falrly well established that the major portion of the
original dam, and a considerable portion of the original foundation, were
removed and wasted at that time., Assuming this to be the case and sup-
ported by daﬁa obtained by drilling test holes in the present structure,
it was decided that no original undisturbed material could be found in
the present structure. Therefore, most of the exploratory work was con-
ducted in areas ﬁdjacent to and downstream of the site to obtain, if
possible, samples of material similar to that which composed the original
foundation and embankment.

5. Extent of exploration.-In February 1949, five augér holes

16 inches in diameter were drilled. The location of all holes is showmn

on Figure 7. Holes 1 and 2 are located on the center line of the
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present dam. They were drilled to bedrock. Ho%es 3, 4, and 5 were
drilled in the valléy below the dam where the soil is believed to be
similar to that which compesed a portion of the foundation of the
original structure, '
6. S&mgliég.-ﬁag, noisture, and jar samples were taken at 2-foot
intervals and when changes in matérials were encountered. Push-tube .
samples were taken in soft material encountered in holes 2, 3, 4, and
5. These samplei were teaken by pushing a thin-walled steel tube into
the 1ayer at a uniform rate of penstration. The sample tubes had an
inside diameter of 5‘inches and & cutting edge of 4.96 inches in diam-

ster.

7. Material encountered.-The materials éncquntered in nearly all

of the auger holes consist predominantly of silt, sand,. and sardstone

with cobbles varylng ffom 3 t§ 6 inches in diameter. Hoies 1l and 2

consist predominantly of clayey sand interspersed with silty sand layers.

Sandstones up t5’6 1nches in diameter were ancounterad in these holes,

A layer of clay was found from 15.6 to 16.0 feet in hole 2. Sandstone

which is believed to be bedrock was encountered at a depth of 1i feet

in hole 1, and at & depth of 22 feet in hole 2. Holes 3, 4, and 5 con~

sist mwedominantly of silty sand; Sandstone which is belleved to be

bedrock was encountered at 6 feet in hole 3, at 4 feet in hole 4, and

at 6.5 feet in hole 5, Detailed logs of the holes afe shown in figure 8.
8. Ground water.-No ground wﬁter was found in holes 1 and 2.

Ground water was encountersd at 6 feet in hole 3, at 0.6 foot in hole k,

and at 6.5 feet in hole 5. The source of this water was a small spring

located about 2§ feet upstream from hole 4.




III - LABORATORY TESTING

9. Inapection and visual classification.-In the south Pacific

Division Laboratory, the undisturbed samples were extruded from the tube,
classified, and representative samples were selected for detalled testing.

10. (Classification tests.—-Atterberg limits and specific gravity

were determined by the usual methods. The mechanical analyses were made
on the plus 200-mesh material, obtained by washing the soil over the

200-mesh sieve,

1l. Field density and moisture.-The waxed chunk sample method
was used on specimens from the undisturbed samples to obtain field dens-
ity and moisture values.

12, Triaxial shear.-Two samples, one from hole 3, depth 1.0'-1.4'

(silty sand); and one from hole 5, depth 0.4'-l.4' (sandy silt) were
tested in a consolidated-undrained condition. One clay sample, depth
15'-16', from hole 2 was teséed in an unconsolidated-undrained condition. -
In the consolidated-undrained test, a cylindrical specimen l.4 inches in

* diameter and 'a.pp'oximately 32 inches in height was allowed 'access to
water and then consolidated fully under one of two lateral pressures; one
kg./cm.? or 2 kg./cm.%. Under conditions of no drainage, the specimen

was then répidly loaded to failure., The average time of loading for the
two samples was approximately 16 minutes. In the unconsolidated~undrained
test, the same slze specimen as above was used. The specimen was mounted
in the apparatus on an impeyvious base ahd’the lateral-presaure-éhanher
filled uiih water undér gravity flow., The lateral pressure was then
applied as rapidly as possible and the specimen‘loaded to failure, within
approximately 18 minutés. In this test three lateral pressures, 1, 2,

and 4 kg./cm.? were used; also, when the testing of each undisturbed



specimen was completed, the specimen was remolded in the apparatus and
again tested under unconsolidated-undrained conditions. The detailed
shear test data are given on figures 9, 10, and 11.

13. (Consolidation.-A consolidation test was made on a sandy silt

foundation material from hole 5, depth 0.4'-1.4'. The cylindrical speci-
men was about 4.4 inches in diameter and one inch in height. With moist
cotton batting covering its exposed surface, the soil was allowed to ‘con-
solidate under Q seating load for 24 hours and then consolidated in incre-
‘ments of load starting.with 0.1 kg./cm.z. After final dial reading

under a consolidating load of 0.2 kg./cm.z,.the moist cotton batting was
removed and the specimen saturated. Loads were doubled unt}l the charac-
terestics under a load of 3.2 kg./cm.? were established. A vertical

dial reading to 0,000l inch, measured the settlement under each load. A
reading of 0,3000 inch on the dial represents the height of one inch.

The detailed consolidation test data are given on figures 12, 13, and 14,

14, Test results.-A summary of the test results described above

is given in tables 1 and 2.

IV - ANALYSIS AND CONCLUSIONS

15, Analysis of test results.-Based on the field and laboratory

investigations, it is believed that the material composing the original
dam and its foundation was fairly well compacted silty sand and sandy
silt. As the structure had been completed many years prior to the
earthquake, it is reasonable to assume that both the embankment and founda-
tion were fully consolidated in 1925, The consolidation test performed
on a sample of sandy silt indicates *hat the time-compression curves do

not have the typical double curvature shape exhibited by clay soils. It



is therefore doubtfql if the consolidation theory is Applicable'for the
rediction of the time-compbession characteristics. However, it is evi-
dent that this'typé of‘soil undergoes fairly rapid consolidation, but it
is nof.sufficiently free draining to consolidate during rapid application
of shearing stress., The lack of any.appreciable rebound, as noted on the
void ratio-pressure -curve, indicates that the natursal structur? of the
materialfis considerably altered by loading past the preconsolidation\“
éressure.'

Based on the consolidation test data, the triaxial shear tests

were performed for consolidated-undrained conditions. The results. of
these tests indicate that shear constants, varying between a:.angle of
1nternal friction ¢, equal to 16,5 degrees and zero ¢ohesion, and @
equal to 21.5 degrees and zero cohesion, may represent the range in
shear strength fof the foundation material at the time of failure. A
~ value of ¢ = 19° was adopted for both the foundation and embankment
The sample of clay obtained from test hole 2, which conceivably mlght
ba repreaentative of the original foundation material, was tested in an
uncén;olidated—uﬁdfained condition in both undisturbed and remolded
states to determine the probable ioss in strength due to remoldiﬁg.

The test results indicate little loss in strength. .. .

16. ‘ggx;ical properties of materials.~The physi cal properties of

theé materials, determined for use in the stability analysis;gf the embank-

ment and fbupdation, are based on the laktoratory analysis of the undis-

turbed samples from holes 3 and 5, and are shown in the following table:




Density Lb./Cu.Ft,

Soil Type Dry Field Saturdfsd g Cohesion
' : Degree T./Sq.Ft.

$ilty sand 86.5 99.0  115.5 ) 19 0

17. Sgabil;ty analysis of embankment.—A stability analysis of the
embankment was made on the basis of the following assumptions; ;(l) the
material_composing the embankment and foundation had physicél properties
as shown in the above tabie; (2) bedrock existed at a depth of 6 feet
below ground surface, (3) the motion of the foundation during the earth-
quake was normal to the axis; and (5) the acceleration due to the earth-
quake was equal to 0.1 g, |

By‘the critical circle method, the following safety factors have
been determined:

(1) Before earthquake, F.S. =
(2) During earthquake, F.S. =

1.61
0.91
Results are shown on figure 15.

18. Undefsecggge.~0bservers‘indicate that considerable
seepage was noted both at the toe of the downstream slope and in
the area below the toe. It is concluded that, in. add tion to the
development of seepagé through the embankment, a seepage plane
ocourred aiong the surface of the bedrock or along the plane of
cont.act between the embankment and the foundation. Because of root
‘holes’in the porous topsoil, it is mofe likely that a path of see-
page deveioped along the plane of contact between the embankment

and the foundation rather than along the top of the bedrock. In



the event of the latter condition, it is questionable whether there
would have been a. noticeable quantity of seepage below ﬁhe dowﬁstream
toe as the 6 feet of soil which overlies the bedrock at that point
would ha§e probably balénced out most of the pressure head transferréd
along the seeﬁage plane. The differential head at the time of fallure
was 15 feet. If a condition of underseepage, as presented, did exist,
it is probgble that the,embankmeﬁt was on the verge of failure prio; to
the earthquake and tﬁat the additional shearing stresses inducad by the
quake resulted in sudden failure. \

19, Conelusions and recommendations.-It is concluded from the in-

vestigations that the cause of failure of the Sgeffield dam can not be
attributed to a flow slide. The fact that the portion of the embaniment
which was diapléced‘ramainéd intaet during the slide rules out the pos-
sibility of liquefaction of the embankment itself, The fact that the .
foundatién material was probably well graded and fairly compact and that
drainage of the material could ocecur appears to eliminate the possibility
of liquefaction of the foundation. It appears more likely that failure
occurred alogg a shear plane such as shown on figure 15, It is probable |
that a plane of seepage developed between the embankment and the founda-
tion-and the. pressure head transmitted glong this plane reduced the
effective shearing étrangth of the foundation and embankment material to
values below those used in this report. The resulting factor of safety
was‘probably close to unity prior to failure. The additional shearing
stresses induced by the earthquake would then be sufficient to cause sud-

den failure. The removal of the porous'top soil under the embankment to

provide a firm surface on which a well compacted fill could have been




constructed, and the inclusion of a downstream toe drain would probably
have obviated the undesirable features of the design.
It is recommended that no furthér study be made of the Sheffield

dam failure.
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PART A - DISTURBED SAMPLES

Table 1 - Sumsery of Classification Teats

Sheffield Dam

Field

]

Hole Depth Soil . Grain Size Distridutionm : ) Field remarks
¥o,  Sampled Type Wox,%ite Gravel 9and 9ilt or Ciay  Meisture L.L. P.I.
1 0=2 Cleyoy sand 7.8 Elev. 658 fest
2-4  Clayey sand 9.3
4-8 Clayey smnd 1.6
. 6«8 - Clayey §ilty eend 11.4
8-10° Clayey silty sand 14.0
- 10-12- - Clayey silty sand 14,0 :
' 12«14 Sand Bt Bedrosk 14°
2 02 Clayey sandy gravel o : ' 1l.¢ Elev, 658 feet
2-4  Clayey asandy grawel 3% 36 29 35 11.4 25 9 .
4-8 €layey sandy gravel ) 12.8
6-8  Sandy silt 11.0
8-10 Sandy silt 1/2" 1 51 48 121 @ 4
10=12 Bandy silt ' 12.0 _
12-15 Sandy silt . - | 11.0 :
15«17 Sandy olay * 2 49 49 26.8 23 T
17-18 Sandy olsy 3. 12 47 a4 14.8 g2 8
19-21 Sandy silt 1" 3 50 47 15.4 NP
21-22 8end . 11.5 Bedrock 22¢
3 0-2  .Claysy sand 15.2 Elev, 6l11.fest
2~4 . Silty sand 12.2 . %, at &7
4-6  Send 14.9 Bedrook at &
4 0-2  Silty sand 51.3 Blev, 614.6
2-4 Clayey sand 18.2 GaMoat 0.6
‘ ’ — Redrock at #*
& g-2 81ty sand 14.8 Elev. 618
: 2-4  Bilty sand 14.4
4-6  Silty send 17.2 G.¥%. at 6,6¢
8«5.68 Sandstome 12.3

ROTE: MNost slassificatione sre isken from field loge

Bedrock at 6.5¢



_ hble 1 (Continued)
' ' Swmmary of Classifioation Teats
PART B - MISTURBED SANPLES .

Hole Depth 8oil . Grein Size Distritmtion . '
¥o. ~ Sempled Type . Yex,SIse  Gravel “SandSi1% or Clay
2 15.6-16.0 " Clag . = . #10 - | 32 .88
. 16.6-18.1 ity sksda - 1" 14 a7 85
18,1-18.8 Gr. Ssndy slay S L 1T 58 VR
20.0-21.3 Silty nnd - #10 64 36
3  Q.0-1.4 - Bandy siXt #po . s “w
o 1.4-3,0 811ty sand 10 C 83 37
3.5-4.% Sandy silt 10 » &9 41
5 0.4-1.4  Semdyeflt 10 56 4
1.4-3.0 811ty sand #10 o 87 33
4,0-4,5 Sendy silt 1/ 2 B4 44

4.5~8,0 Bilty send’ #10 82" 38



Table 2 -~ Buwmary of Tests on Undisturbed Samples. o

‘Hole D'pﬂ;’ef | _Shear | | Field Density Consolddation
. Fo. Sanp Soil Type VTyp. offe'st Dug; :sr Lihe Pele S.8s Density sture Ueef,0f

Feat

J pef Consplidation Compr
2 15.6-16.0 Clay Triaxial U0 - 25 70 W 260 T8 36.6
! , Triaxial UO(R) -~ " 1.25 , '
1605-18.1 Silty Sand : s 2 - ,
18.1"1805 . Grow Glay ‘ ' 26 12 108 18.8
20,0-21.3 ° Siliy Sand : _ §P 111 13.9
3 0.0-1.1 Sandy 811t Triaxial CU 163 - RP 2,58 + 91 11.7
13,0 811ty Sand i 2 101 12,1
340=3,5 811ty Sand KP
35-4.5 Sandy S11t XP 112 1%.8 :
5 Oolial B Sandy S11t Triaxial CU 213 - ®P 90 15.1 582 , 0e332
3.0-1,0 Silty Sand ,
Le0uh,5  Sandy S11t 25 3 109 17.7
k,5.6.0 S11ty Sand 22 6

w - Unconsolidated Undrained
CU - Consolidated Undrained
(R)- Bemolded
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