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FLOW SLIDE PHENOMENA 
'INVESTIGATION OF FAILURE OF SHEFFIELD DAM 

SANTA BAEBARA, CALIFORNIA 

I - INTRODUCTION 

1. Authorization.-Presented herein a r e  the  r e s u l t s  of a com- 

bined f i e l d  and laboratory study of t he  f a i l u r e  of Sheff ie ld  dam. This 

report  i s  prt of t he  Civil Works Investigation as authorized by the. 

Office, Chief of Engineers, i n  Decamber 1947 and performed by t h e  Los 

Angeles D i s t r i c t  i n  acoonlance with ins t ruct ions  outl ined i n  a l e t t e r  

from the  Office, Chief of Engineers, subject;  NFJow Sl ide  Phenomena," 

dated 28 January 1948. 

2. Purpose of the stuQ.-The apecif ic  purpose of this investiga- 

t i o n  i s  t o  determine i f  t he  f a i l u r e  of Sheff ie ld  dam during an earth- 

quake fn 1925 was t h e  r e su l t  of a flow slide. The invest igat ion of t h e  

probable reason f o r  t he  f a i l u r e  of the  dam is the  bas i s  of t h i s  report. 

3. History of Sheff je ld  Dam.-The Sheffield reservoir ,  a dis t r ibu-  

t ion  reservoir  of the  Santa Barbara Municipal l a t e r  Department, ma t 

conatruoted i n  t he  winter of 1917 i n  a ravine north of t he  city of Santa 
I - 

brbara. The plans and spec i f ica t ions  were prepared i n  t h e  engineering 

offices of bQ. J. B. Lippincott of Los Angeles, California. 
\ 

Figure 1 shms a general plan of the  reservoir  and the  dm. Figure 

2 is a sketch of a typ ica l  design section. The daq uas an ear th  embank- 

ment 25 f ee t  high and 720 f ee t  long. The embankment was constructed of 

pit-rtzn mater ia l  from t h e  r e semoi r  excavation, and was compacted by 

routing the  Ugh t  constructf on equipment over the  fill. The upstream. 

slope was designed with a 4-foot clay blanket which was extended i n t o  

the ground l.0 f e e t  t o  serve as a cut-off w a l l .  The clay blanket was 



t o  be overla i n  with a +inch concrete facing. It is f a i r l y  w e l l  
\ 

established t h a t  no formal s t r ipp ing  of t h e  top  s o i l  under t h e  emtank- 

ment na8 done p r io r  t o  construction of t h e  dam. No drainage provisions 

a t  t h e  domstmam t o e  w e r e  included i n  the  design. Due t o  lack of con- 

, s t ruc t ion  records and f i e l d  control ,  t h e  ccmposition o f  t h e  mbankm&t 

as b u i l t  and the  degree of canpaction obtained i s  not known, 

A t  6:00 A.M. on June 29, 1925, a severe earthquake, ra ted  by Dr. 

Bailsy Wil l ie  of Stanford University between VIII and IX on the  Rossi- 

Fore1 scale ,  occurred a t  Santa Barbara which caused t h e  cen t r a l  portion 

of t he  main dam t o  move out as though it were hinged a t  t h e  lower l e f t  

a corner, Qf i n t e r e s t  i s  t h e  f ac t  t h a t  the  plant grollrth on t h e  downstream 

side of t h e  displaced mass w a s  undisturbed a f t e r  t he  s l i p .  Before the  
. 

f a i l u r e ,  seepage which was pqrcolating e i t h e r  thr6ugh the  foundation o r  
I 

embankment w a a  nbted by observers ,near  t h e  downstream toe.  

In 1925, a temporary s t ruc tu re  was c o n s t q c t e d  t o  elevation 647. 

The foundation was removed t o  bedrock and replaced with a well-caerpacted 

fill. A8 shorn in ~ r i o u ;  photographs1 the  stock p i l e s  a t  t h e  enda of 

t h e  dam were not removed. Figure 3 shorn a sect ion of the reconstructed 

In 1936, P.N.A. funds were used t o  r a i ee  t h e  s t ruc tu re  t o  e l e v ~ t i o n  

658. The 1925 embanhent was l e f t  intact but all  o the r  sect ions  were 

removed and mplwed by a ccmpacted f i l l ,  The reservo i r  was dredged and 

t h e  bot toa  wad p&vBd. Considerable rock was found i n  t h e  reservo i r  

. 
Memorandum W Fai lure  of Sheffield Beservoir i n  Earthquake of 1925. 
L a  P a  Lippincott,  Fbgineering Offices, Los Angeles, c a l i f  ornia  



1 
excavation. A l l  rock under 6 inches in.diameter ma placed on t h e  ear th  

* f i l l .  A l l  r o d  larger than 6 inches was placed i n  t h e  drain  at  the  down- 

stream slope. Figures 4, 5, and 6 show t h e  d e t a i l s  of t h e  present . 
s t ructure .  I 

. 
I1 - EXPLORATORY FF&)OW 

4. Purpose. -The plrpoae of t h e  f i e l d  exploratory work was t o  

obtain da ta  from which f i e l d  condit'ions, similar t o  thcee ex is t ing  ,hi$ 

mediately p r io r  t o  the  earthquake i n  1925, could be reconstructed. In 

planning t h e  de ta i led  exploration i t  was necessary t o  place much re l iance  

on information furnished by p r s o n s  -who were associated with t h e  or ig ina l  

project. As most of t h e  information was  r eca l l ed f rom memory, there  a re  

confl ic t ing views on a number of  points. A major point on which opinion 

df'ffem i s  the  exact methods used i n  t h e  reconstruction of t h e  dam. A8 

has been pointed out i n  paragraph 2, a temporary s t ruc tu re  was b u i l t  i n  
, 
1925 t o  elevation 647, approximately U f e e t  below t h e  t o p  of t he  or ig ina l  

embankment. It i s  f a i r l y  well established t h a t  t h e  major portior'l of the  

or ig ina l  dam, and a considerable portion of t h e  o r ig ina l  foundation, were 

removed and wasted at t ha t  t h e .  Ass- t h i s  t o  be t h e  caae and sup- 

ported by data obtained by d r i l l i n g  t e s t  holes i n  t h e  present s t ruc ture ,  

it was decided t h a t  no o r ig ina l  undisturbed mater ia l  could be found in 

the  present s t ructure .  Therefore, moat of t h e  exploratory work was con- 

ducted i n  areas adjacent t o  and dometream of t h e  s i t e  t o  obtain, i f  

possible, samples of mater ia l  similar t o  that which composed the  o r ig ina l  

foundation and embankment. 

5 .  Extent of exploration.-In February 1949, f i v e  auger holes 

1 6  inches i n  diameter were d r i l l ed .  The locat ion of all holes i s  shown 

on Figure 7. Holes 1 and 2 Ire located on the  center  l i n e  o f  t h e  



present dam, They were driUed t o  bedrock. Holes 3, 4 ,  and 5 were - 
d r i l l e d  i n  t he  val ley below t h e  dam where t h e  s o i l  i s  believed t o  b e  

similar t o  t h a t  which composed a portion of t h e  foundation of t h e  

or ig ina l  s t ructure ,  
I 

6 ,  Saup1ing.-Bsg, moisture, and jar samples were taken a t  2-foot 

interiPals and when changes i n  nmterials were encountered, Push-tube 

samples were taken i n  s o f t  material encountered i n  holea 2, 3, 4, and 

5.  These samples were taken by pushing a thin-walled steel tube into 

the layer at a uniform Pate of penetration. The sample tubes had an 

inside diameter of 5 inches and a cut t ing edge of 4,96 inches i n  dim- 

eter. 

7. Material encountered.-'?he materials encountered i n  nearly a l l  

of t he  auger holes consist predominantly of s i l t ,  sand, and earfdstone 

with cobbles varying f r o m  3 t o  6 inches i n  diameter. Holes 1 and 2 

consist  predominantly of clayey sand interspersed with s i l t y  sand layera. 
fl 

Sandstones up t o  6 Inches i n  distneter were encountered in these holea. 

A Layer of c lay  was found from 15.6 t o  16,O feet i n  hole 2. Sandstone 

which i s  believed t o  be bedrock w a s  encountered a t  a depth of U, f e e t  

i n  hole 1, and a t  a depth of 22 f e e t  in hole 2. Hole8 3, 4, and 5 con- 

sist wedoae;Lnantly of s i l t y  sand. Sandstone which i s  believed t o  be 

bedrock was encountered at 6 f e e t  i n  hole 3, a t  4 feet in hole 4 ,  and 

at 6.5 feet i n  hole 5, Detailed logs of the  holes a r e  shorn i n  figure 8. 

8. Ground water.40 ground water waa found i n  holes 1 and 2. 

Ground water aws encountera  a t  6 f ee t  i n  hole 3, a t  0,6 foot  in hole 4 ,  

and at 6,5 feet in hole 5, The source of t h i s  water was a small s p r i n g  

located about 29 feet upstreaa f r o m  hole 4. 
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111 - LABORATORY TESTING 

9. Impec t ion  and v i sua l  c lass i f icat ion.- In  t h e  South Pac i f ic  

Division Laboratory, t h e  undisturbed samples were extruded from t h e  tube, 

c lass i f ied ,  and repreaentative samples were selected f o r  de ta i led  tes t ing .  

10. Claesi f icat ion tests.-Atterberg limits and s p e c i f i c  g rav i ty  

were determined by the usual methods. The mechanical analyses were made 

on the plus 2Ohnesh material ,  obtained by raahlng the  s o i l  over t h e  

ZOO-mesh sieve,  

11. Field densi ty  and moisture,-The waxed chunk sample method 

was used on specimens f rorn the  undisturbed samples t o  obtain f i e l d  dens- 

i t y  and moisture valuee. 

12. Tr i ax i a l  shear.-Two samples, one from ho le  3, depth 1,01-1.41 

( s i l t y  sand); and one from hole  5, depth 0.41-1.4i (sandy s i l t )  wem 

t e s t ed  i n  a consolidated-undrained condition. One clay sample, depth 

15'-16', from hole 2 was t e s t ed  i n  an unconsolidated-undrained condition. 

I n  the  consolidated-undrained t e s t ,  a cy l ind r i ca l  speuimen 1.4 fnches i n  

diameter and app.axitnately 3& inches i n  height was a l l ~ d  access t o  

water and then consolidated f u l l y  under one of two l a t e r a l  p e s s u r e s ;  one 

kg./crn.' o r  2 kg./cm.2. Under conditions of no drainage, t h e  specimen 

was then rapidly  loaded t o  fa i lu re .  The average time of l o a w  f o r  the 

two samples was a p p r o x i k t  e ly 16 minutes. In t h e  unconsolidate8-undrained 

t e s t ,  t h e  same s i s e  specimen as above was used. The s p e c h e n u a s  aounted 

i n  t h e  apparatus on an impervious base and t h e  lateral-preseure c-er 

f i l l e d  with r a t e r  under gravi ty  flow. The l a t e r a l  pressure  ma the .  

applied as rap id ly  as possible and the  apxitrien loaded t o  f d l u r e ,  d t h i n  

approximately 18 minutes. In t h i s  t e s t  th ree  l a t e r a l  pressures, 1, 2, 

and 4 kg./ano2 were used; a l so ,  when t h e  t e s t i n g  of each undisturbed 



speciman was completed, t h e  s p c i n e n  w a s  remolded i n  t h e  apparatus and 

sgain t e s t e d  under uncongolidated-axirained condit ions.  The d e t a i l e d  

shear t e s t  da ta  are given on figures 9 ,  10, and 11. 

13. Consolidation,-A c o ~ l s o l i d a t i o n  t e s t  was made on a sandy silt 

foundation m a t e r i a l  from ho le  5, depth 0.4'-1.4'. The c y l i n d r i c a l  speci-  

men was about 4.4 inches  i n  diameter and one inch i n  height .  With moist 

cot ton  b a t t i n g  covering its exposed surface,  t h e  soil. was allowed t o  >on- 

s o l i d a t e  under a seat in^ load f o r  24 hours and then  consolidated i n  inc re -  

L 
ments of load s t a r t i n g  w i t h  0.1 kg./crn, , After  f i n a l  dial reading 

under a consql ida t ing  load  of 0.2 ~ ~ . / c r n . ~ ,  . t h e  moist cot ton  battin.: was 

removed and t h e  specimen sa tu ra ted ,  Loads were doubled u n t i l  t h e  charac- 

t e r e s t i c s  under a load  of 3.2 kg./crnO2 were es tabl ished.  A' v e r t i c a l  

d i a l  reading t o  0.0001 inch, measured t h e  se t t lement  under each l a d .  A 

reading of 0.3000 inch  on t h e  d i a l  represents  t h e  height  of  one inch. 

The d e t a i l e d  consol ida t ion  t e s t  data are given on f i g u r e s  12, 13, and 14. 

14. Test results.-A s u i m a u  of t h e  test results described above 

i s  given i n  t a b l e s  1 and 2, 

IV - ANALYSIS AND CO!iCUJSIONS 

15, Analysis of t e s t  reeults.-Based on t h e  f i e l d  and laboratory 

i nves t iga t ions ,  it i s  bel ieved t h a t  t h e  ma te r i a l  composing t h e  o r i g i n a l  . 

dam and i t s  foundation was fairly wel l  compacted s i l t y  sand and sandy 

silt. As t h e  s t r u c t u r e  had been corn~le ted  many years p r i o r  t o  t he  

earthquake, it is reasonable t o  assume t h a t  both t h e  embankment and founda- 

t i o n  were f u l l y  consolidated i n  1925;. The consol ida t ion  t e s t  performed 

on a sample of sandy s i l t  indicate:  ' i t  t"l the-compression curves do 

not have t h e  t y p i c a l  double ci~rvrtura s h s ~ e  exhibi ted  by c l a y  soils. It 



i s  therefore doubtful i f  the consolidation theory is applicable f o r  the 

p. edict ion of t h e  time-compression charact e r i s t f  cs. However, it  i s  evi- 

dent t ha t  t h i s  type of s o i l  undergoes fairly rapid consolidation, but it 

i s  not sufficiently f r e e  draining t o  consolidate during rapid appl icat ion 

of shearing strew. The lack of anyappreciable  rebound, as noted on the  

void ratio-pressure curve, indicates  t ha t  t h e  na tura l  s t ruc tu re  of the 
I , 

material  i s  considerably a l t e r e d  by loading past  t he  preconsolidartion 

pressure. 

b a e d  on the  consolidation test data, t h e  t r i a x i a l  shear tests 

were perfonaed f o r  consolidated-undrained conditions. The r e su l t s .  of 
6 C 

these t e s t s  i r~d lca te  t ha t  shear  constants, varying between an angle 0f 

inter- f r i c t i o n  8, equal t o  16.5 degrees and zero cohesion, and # 

equal t o  21.5 degrees and zero cohesion, map represent the range &I ' 

shear atrength.Por the  fouodation material  at the  t i m e o f  fa i lu re .  A 

value of 6 PZ 19' ma adopted f o r  both t h e  foundation and embanlane@. 

The sample of c lay obtained from t e s t  hole 2, which conceivably night  

be representative of t he  original foundation material ,  was t es ted  in an 

uncon*olidat ed-urid~ained condition in both undisturbed and remolded 

s t a t e 8 , t o  det.emdne t h e  probable l o s s  i n  s t rength due t o  remolding. 

The test results ind ica te  l i t t l e  loss  i n  strength.  . .  . ". 

16. P h ~ a i - 1  properties of mt erials .-The phyd cal properties of 

materials, determined f o r  use i n  t h e  s t a b i l i t y  analysis  -of t h e  embank- 

ment and foundation, a r e  based on t he  la tora tory  analysis  of t h e  undis- 

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



Density ~b./~u.Ft. . 

S o i l  Type DW Field' S a t u r a s d  $ Cohesion 
Degree T. / s~ .  ~ t .  

S i l t y  sand 86.5 99.0 115.5 . 19 0 

17. S t a b i U t y  analysis of embankment.-A s t a b i l i t y  ana lys i s  of t h e  

embankment was made on t h e  b a s i s  of the  following assumptionsr: (1) the  

mater ia l  composing the  embanhent and foundation had physical  properties  

as shown i n  t h e  above table ,  (2) bedrock exis ted  a t  a depth of 6 f e e t  

below ground surface, (3) t h e  motion of t h e  foundation during t h e  e&h- 

quake was nonnal t o  t h e  a r i a ,  end (5) the accelerat ion due t d  t h e  ear th-  

quake was equal t o  0 , l  g, 

By t h e  c f i t i c a l  c i r c l e  method, t h e  following sa f e ty  f ac to r s  have 

been determined: 

(1) Before earthquake, F.S. = 1.61 
( 2 )  During earthquake, F. S. = 0.91 

Resulks are s i im on figure 15.  

18. Underse+pagg,-Observere ind ica te  t h a t  considerable 

seepage wge noted both at the  toe  of t'he downstream slope and i n  

the  area  below t h e  toe. It i s  concluded tha t ,  i n  add t i o n  t o  the  

development ef seepage through t h e  embankment, a seepage plane 

ocaurred along t h e  surface of t h e  bedrock o r  along t h e  p h e  of ' 

oontact between t h e  ambaakment and the  foundation. Because of root  

holes in t h e  porous,topaoil ,  it i s  more l i k e l y  t h a t  a path of see- 

page developed along the plane of contact between the  embankment 

and t h e  foundation ra ther  than along the  top of t h e  bedrock. I n  



t he  event of t he  l a t t e r  condition, i t  i s  questionable whether t he re  

would have teen a noticeable quant i ty  of eeepage below t h e  downstream 

Q t o e  as t h e  6 f e e b  of s o i l  which over l ies  the  bedrock at  t h a t  point 

would have probably balanoed out moat of t h e  pressure head t ransfe r red  

along th& seepage plane. The d i f f e r e n t i a l  head a t  t he  time of f a i l u r e  

was 15 fee t .  I f  a condition of underseepage, as presented, did ex is t ,  
'I' 

it i a  probable that t h e  embankment was on the  verge of failure p r i o r  t o  

t h e  earthquake and t h a t  t h e  addi t ional  shearing s t r e s s e s  induck4 by t h e  

quake resu l ted  in suddeh f a i l u r e .  

19. Conclusions and recomendatims.-It is concluded from t h e  in- 

. ves t i ga t i om t h a t  t h e  cause of f a i l u r e  of the  Sheff ie ld  dam can not be 

a t t r i bu t ed  t o  a #low s l ide .  The f a c t  t h a t  the  portion of the  embankment . 
which was displaced remained intatzt d u r i w  the  s l i d e  ruies out the pos- 

s i b i l i t y  of l iquefact ion of t h e  embankment i t s e l f .  The f a c t  t h a t  t h e  , 

foundation mater ia l  was probably wel l  graded and f a i r l y  compact and t h a t  

drainage of t h e  mater ia l  could occur appears t o  el iminate the poss ib i l i ty  

of l iquefact ion of t h e  foundation. It appears more l i k e l y  t h a t  f a i l u r e  

occurred along a shear plane such a s  shown on f i gu re  15, It is probable 

that a plane of seepage developed between t h e  embankment and t h e  founda- 

t i o n  and tb pressure hesd t ransmitted along this plane reduced the 

effeotive shearing s t rength of t h e  foundation and embankment mater ia l  t o  

values below those used ip t h i s  report .  The resu l t ing  f a c t o r  o f  safe ty  

was probably d o s e  t o  unity pr io r  t o  f a i l u r e .  The addi t iona l  shearing 

a t r e s se s  Tiqduced by t h e  earthquake would then be su f f i c i en t  t o  cause sud- 

den f a i l u r e ,  The removal of the  porous t op  s o i l  under t h e  embankment t o  

provide a firm aurface on which a well compacted f i l l  could have been 
t 



constructed, and the  inelusion of a domatream t o e  drain would protably 

have obviated the undesirable features of the design. 

I t  i s  recommended that no further study be made of the  Shef f i e ld  

dam fa i lure .  
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