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SubJect: Erosion t e s t s  on an eazth sample taken a t  elevation 4065.3 
on the spillway centerline 70 fee t  downstream A.m the end 
of the proposed spillway--Keyhole Dam--Missouri River Basin 
R-oJect 

To determine the erosionresistance of the above so f t  layered sand- 
stone when subjected t o  water velocities of 2 t o  19.5 f e e t  per second. 

CORCLUSIOlPS 

1. ~ ~ c e s s i v e  erosiori r e s d t s  a t  water velocities of 6 fee t  per 
second or  more when the flow occurs p a r d l e l  t o  %he horizontal layers of 
the material  a d  the material i s  free so tha t  the interlocking between the 
pieces forming the layers can be broken. The eroslon occurs in the form 
of dislodged pieces being swept away by the water. 

2. The harder and nonlayered material a t  elevation 4064.3 withstands 
velocitiea up t o  16 feet  per second without excessive erosion. Tests at 
higher velocitiea could not be made because the specimen was Llf'ted out of 
the t e s t  apparatus by the water and broken. 

3 .  When water s tr ikes the layers of the material in  a direction per- 
pendicular t o  the layer planes, the material has bet ter  erosion resistance 
than given i n  Coualusion No. 1, ELIXI it is  not materially w e d  by water 
velocities up t o  6 f e e t  per ,seconb. Erosion in  t h i s  oase occurs mainly a. 
a gradual weari ing away of the pieces comprising the layers. 

4. A vert ical  w a l l  of the material, when constrained on all but tne 
el exposed side, r e s i s t s  velocltles up t o  19.5 fee t  p r  second without ex- 

cessive erosion. Higher velocities could not be obtained with the t e s t  
appaxatus . 



Keyhoie Dam i s  an e a r t h - f i l l  structure proposed fo r  construction 
across the Belle Fourche River about 1 2  miles northwest of Moorcroft, . Wyoming. ?htensive model. t e s t s  have been made i n  the Hydraulic Laboratom 
t o  detemine the hydraulic performanoe o f  the spillway structure and t o  
betermine those design changes required! t o  insure proper operation (Hy- 
draulic Report lo .  271). The material used i n  these model t e s t s  t o  repre- * 
sent tho r lvor  bed downstream frm the spi l lmy scoured t o  a meater  de- 
gree aud, i n  a different manner than w a s  anticipated on the prototype. 
Important design decisions depended upon the rosul t s  of tho model t e s t s  
and it was therefore desirable t o  f ind a r iver  bed material  which would 
scour In the model i n  a manner similar t o  the scour that  w i l l  occur In the 
f i e l d .  To determine the erosion resistance of the f i e ld  ma$erial, a sem- 
ple was procured a t  elevation 4065.3 on the spillway centerline 70 feet  
downstrem from the end of the spillway. 

Considerable diff icul ty was encountered i n  ~btetining the sample due 
to  the poor bond between the many layers of the sof t  sandstone. After 
an unsuccessful attempt, a sample was obtained by the following process. 
A large p i t  w a s  dug t o  elevation 4065.3. The p i t  wae then extended 14 
inches further  down leaving a 21- by 26-inch undisturbed block standing 
i n  the midd-ce. Wire mesh was placed around t h i s  block and a large wooden 
crate  b~!i l t  around the  u n i t  and the space between the crate  and the block 
was f i l l e d  with plaster. After the plaster  had hardened, the constrained 
sandstone block was cut from the f loor  of the p i t ,  turned over, anb the 
remaining facs covered with wire-reinforced plaster. The bearing, eleva- 
t ion,  und location of the block were masked on the crate, and the unit 
was shipped t o  the Hydraulic Laboratory i n  the Denver office.  

This report; concerns the method of conducting tne erosion t e s t s  on 
the f i e l d  sample and the resu l t s  obtained ??ram these t e s t s .  

DBCRIIIPIOR OF TlE SAMPLE 

The material was a soft  sandstone which w a s  dense, moderately cemented, 
and arranged in  lsyers containing 3/8- t o  1-inch thick f l a t  pieces w e l l  
interlocked but poorly bonded ( ~ i g u r e  2) .  A 1-1/2-inch thick section of 
hmder and nonlayered sandstone farmed the bottam portion of the sample. 

APPAEUTUS AND TEST PROCEUURE 

A schematic diagram of the principal erosion t e s t  apparatus is shown 
in Figure 1. Water was supplied through a 6-inch standard pipe and a 
transi t ion section t o  the 16-inch wide by 66-inch long t e s t  chute. A 

i valve was provided t o  regulate the dischmeo and a flow straightener was 
placed downstream f'rcrm the val\re t o  insure ,smooth, stra-t flow in to  the 
t e s t  section. The water entered the chute i n  a uniform stream 2 inches 
deep, and the slope of the chu4~e w a s  adjusted t o  maintain t h i s  depth over 



specimen was-determined by meamring with a ~ e n t u r i  meter the quantity of 
water flowizlg, and dividing t h i s  quantity by the cross sect ional  area  of 
the flowing water i n  the chute of the t e s t  r ig .  The water aischmged 
f r e e l y  from the end of the chute mil was returned t o  the supply channel by 
a trough. The f loor  of the t e s t  box was adjustable t o  permit moving the 
specimen t o  keep I t s  top surface l eve l  with the chute f loor  a s  the mate- 
rial was washed away. To avoid swges and excessive ve loc i t ies  over the 
specimen when the flow w a s  s tar ted,  an obstruction w a s  placed across the 
downstream end of the channel, the  chute flooded t o  a depth of 2 inches, 
and the control  valve slowly openod while the obstruction was removed. A 
final adjustment of the valve esttiblished the desired water velocity over 
the  specimen. 

Specimens No. 1 and 2 of the  three specimens prepared from the f i e l d  
sample were placed, one a t  a time, i n  the t e s t  box with the side which w a s  
uppermost i n  the f i e l d  on top i n  the box and l e v e l  with the chute f loor .  
Specimen No. 1 was a 12- by 21-inch piece, 9 inches thick taken from the top 
of the block smple  and was made up of many 3/8 t o  1 inch thick, loosely 
bonded pieces axranged i n  horizontal  l ayers  ( ~ i g u r e  2).  Specimen No. 2 
was a 12- by 21-inch piece, 1-1/2 inches thick and consisted of the  moder- 
a t e l y  hard, nonlayered sandstone obtained from the  bottom of the sample 
(elevation 4064.3) ( ~ i g u r e  2). This t h i n  sample w a s  reinforced on the 
underside for  the t e s t s  with a 2-inch thlck layer  of plas ter .  Specimen 
No. 3 was a 14- by 21-icch piece, 14 inches thick and the  t e s t s  conducted 
on t h i s  specimen consisted of dischargiag water a t  known ve loc i t ies  from 
the t e s t  chute onto the  speclmen below, and bnpinging water at a 15' angle 
bn  a ve r t i ca l  face of the mater ia l  which was c ~ n s t r a i n e d  i n  a p las te r  
cast .  For the f i r s t  of these two t e s t s ,  enough of the  p las te r  cas t  around 
the sample was removed t o  leave one face and the top 6 inches of the mate- 
rial uncovered. The specimen w a s  placed on the  f l oo r  s l i gh t ly  downstream 
from the end of the  chute and water was allowed t o  discharge from tk.e end 
of the chute and fa l l  t o  the specimen below. Thus, an erosion condition 
was created roughly similar t o  t h a t  produced by the water discharging 
from a traJectory spilluray. The velocity of the water i n  the  chute w a s  
adjusted so tha t  i t s  velocTty plus the velocity gained while f a l l i n g  
produced the desired f i n a l  velocity.  The second t e s t  w a s  conducted on the 
same specimen by building a now plas te r  cas t  over the top and three s ides  
and then placing t h i s  specimen i n  a temporary extension chute at the  end 
of the  or ig ina l  ch t~ te  with the exposod face ve r t i ca l  and at  a 15' angle 
t o  the chute mJ.s (F2gure 3 ) .  Water flowed down the chute pa ra l l e l  t o  
the  layers ,  ~ p i n g e d  at  a 15' a n a e  on the face of the  specinen, and d is -  
chargod f r ee ly  from the end of the extension chtte.  

Visual means were used t o  juiage the erosion on the  specimens and 
photographs a re  attached which show the condition of tns specimsns at  the 
completion of the t e s t s .  A t  the  time of t h i s  writ ing a feasible  method of 
determining the quantity of mat;erial removed i n  the  erosion process hes not 
kaen fad. Weight, volume, and col lect ion measurements could not be used 
because of large changes i n  moisture content during tes t ing ,  swelling of 
ce r t a in  materials (par t icular ly  clay) when water i s  absorbed, and the lack 



speclmen and s t i l l  handling the large quantities of water used. Finally, 
the size and shape of the specimens tested precludes a close representa- 
t ion  of the f i e l d  erosion conditions. Therefore, the resul t s  presented 
i n  t h i s  report are qualitative only, and use of the laboratory t e s t  r e su l t s  
t o  predict f i e l d  r esu l t s  must bs done with care. 

1 .  The f u l l  range of velocities obtainable wi.:,,i the t e s t  apparatus was 
used i n  the t e s t  on the Keyhole specimens, the values ranging from 2 t o  
19.5 fee t  per second. 

TEST RESULTS 

Specinen No. 1 

Water was f irst  passed over the specimsn a t  a velocity of 2 f e e t  per 
second and the loose sand was swept frm the top surface almost inrmediately. 
A t  the end cf the 30-minute t e s t ,  the th in  pieces which formed the layers 
were clearly defined (Figure 4a). However, the material within the pieces 
was suffjciently cemented together tha t  no erosion was visible  on them, and 
the water velocity of 2 f e e t  per second was too low t o  dislodge them. A t  
4 fee t  per second a number of the pieces were swept away with the resul t  
tha t  1 inch of material was removed d u r i ~ g  the 30-minute t e s t  (Figure 4b). 
~t a flow uelocic*y of 6 f e e t  per second, the pieces were swept away -st 
imnediately. A s  the t e s t  progressed, it became necessary t o  repeatedly 
ra i se  the speclmen i n  the t e s t  box t o  keep the surface of the material level  
with the chute f loor  and within 10 minutes all of the material w a s  removed. 

In all cases during the above t e s t s  the material was removed in  large 
pieces, & there was l i t t l e  tendency fo r  the sand t o  wash away by indi- 
vidual sand particleo. 

Specimen No. 2 

This nonlayered and moderately hard sandstone appeared t o  have con- 
siderable resistance t o  erosion, and therefore the f i r s t  t e s t  was made 
using a flow velocity a t  the specimen of 4 f ee t  per second. No action w a s  
noted during the 30-minute t e s t  except tha t  the loose sand part icles  were 
removed From the top of the specimen soon a f t e r  the flow was started. The 
material was somewhat rough and cratered at the completion of tho tos t  but 
w a s  otherwise untoxched ( ~ i g u r e  5a). Further 30-minute t e s t s  wore made 
using velocities of 8 and 12 feot per second but rn noticeable erosion re -  
sulted (Figure 5b) .  Another t e s t  was star ted using a velocity of 16 fee t  
per second, but a f t e r  20 minutos the specimen was l i f t e d  out of the t e s t  
apparatus by the water and so severely broken that further t e s t s  were dis- 
continued. ESramlnation of the pieces revealed that only s l ight  erosion 
had occurrod, and that  the material was capable of withstanding consider- 
ably higher velocities without excessive erosion. 



The reeults  of the erosion t e s t s  conducted on Specmn NO. 1 i n  which 
the water flowed para l le l  t o  the l a p r o  of the material indicated that  ex- 
tensive erosion by movement of the pieces forming the layers would resu l t  
whenever similar flow conditions occur i n  the f ie ld .  However, these t e s t s  
also indicated that  the soft  sandstone within the individual pieces had 

. f a i r  erosion resistance. Examination of the remaining portion of the f i e l d  
sample (Specimen No. 3 )  revealed t h a t  these pieces were well inter:.dcked, 
evon though the pieces were poorly bonded t o  each other, and tha t  consid- 
erably different orosion could be expected From the plunging flow tha t  
would occur frcim the trajectory bucket on the Keyhole Spillway. To obtaln 
t e s t s  w i t h  t h i s  typo of flow, Specimen No. 3 was placed on the f loor  balow 
and sl ight ly downstroam from the end of the chute i n  a position t o  receive 
the water fa l l ing  A.m the end of the chute. Tests were then made using 
velocities of impingement of 4 and 6 fee t  per second fo r  10-minute periods 
(Figures 6a and b) .  When startiw and etoppjog the flow i n  these tes ts ,  
the water struck the exposed upstream edge of the specimen and immediately " 

swept away a number of  pieces. These pieces can be seen on the f loor  i n  
Figure 6b. L i t t l e  erosion occurred during the periods when the flow was 
fully established, thoreby indicating that  the mkarPa.1 had moderately 
good erosion resistance when the pieces were not l i f t o d  and carried away 
by the water. 

The marked difference i n  erosion obtained i n  the t.ests with water 
flowing paral lel  to  the Layers of the material aud ;in the t e a t s  w i t h  water 
strlking the layers a t  an angle mndo it d i f f i c u l t  t o  estimate the probable 
erosion i n  the f ie ld .  A th i rd  type of t e s t  was therefore made t o  obtain 
a more complete picture of the erosion resistance of the material. The 
portion of Specimen No. 3 which remained in tac t  during the previous t e s t s  
was covered with a new plaster cast on aU- but one side of the block. The 
specimen was then placed i n  an extension chute f i t t e d  to  the downstream 
end a t  a 15' angle to  the existing test; chute ( P i w e  3 ) .  The specimen 
was oriented with the layers horizontal end with the t e s t  face ver t ica l  
and i n  the plane of the r ight  w a l l  of the extonsion chute, Water flowed 

I through the t e s t  chute and Inpingod a t  a 15' angle on the t e s t  face of the 
specimen (Figure 7a). From there it continued downstream agld discharged. 
freely from the end of the extension. 

A s  soon as  the t e s t s  were started, it became apparent tha t  tho ver- 
t i c a l  face of the constrained material could withstand considerable bat- 
tering by the water. The f i r s t  tos t  was mele with a water velocity of 4 
fee t  por second and the only rroticeablo change i n  .tibe specimen a t  the end 
of the 5-minute run was that  the seams between the layers were cleaned 
out. A second t e s t  of 10 minutes' duration was W e  with a water velocity 
of 8 f e e t  per seconcl and w a i n  the apecimsn remained lpractical3y u n c w e d .  
A few s m a l l  pieces of the material were removed frm the disturbed area at 
the downstream e Q e  of the specimsn and only s l ight  erosion was visible  a t  
the masks i n  the face l e f t  by cutting tools. Additional 10-minute t e s t s  
with water velocities of 12 16, and 19.5 f e e t  per second (the maximum ob- 
tainable w i t h  the apparatus) were made, and a t  tho end of the t e s t s  the 
specimen showed only moderate wear (Figure 71).  A number of pieces had 
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The soft eandstone occumed in thin, f lat  pieces which were 
w e l l  interlockea but formed poorly bonded layers. The bottom 
1-1/2 inches was harder and unlayered. 

Section Through Block Sample 

Erosion Tests on Keyhole Damsite &th Samgle 





A. Erosion af te r  30 minutes exposure t o  a water 
velocity of 2 feet  per second. 

B. .Erosion af ter  30 minutes exposure each t o  
water velocities of 2 and 4 feet  per second. 

Specimen No. 1 

Ikosion Tests onKe$iole Damsite Earth Sample 
Flow f r a m  Left t o  Sigbt 



A. Erosion af ter  30 minutes exposure to  a watsr 
velocity of 4 f e s t  per second. 

B. Erosion a f te r  30 minutes exposures each t o  
water velocities of 4, 8, and 12 feet  per second. 

Specimen No. 2 

Erosion Tests onbyho le  b i t e  Earth Sa;nple 
Flow *can Left t o  Rwt 



FW 
By& Repc 

A. Plunging f l o w  striking the specimen at a 
velocity of 4 fee t  per second. 

. Plunging flow str lking the specimen at a 
velocity of 6 fee t  per second. The pieces 
: c-?.-%@red on the floor were removed whjle 
..T,L2 tlw and stopping the flow. 

Specimen lo .  3 
Erosion Tests on Keyhole Damsite Earth Sample 



k m e  
epor t 

A. Water flowing at  a velocity of 12 f e e t  per second 
impinging at a 15' angle on a ve r t i ca l  face of the 
plaster-encased specimen. Flow A.an right t o  l e f t .  

B. Erosion a f t e r  a 5 miaute exposure t o  a water velocity 
of 4 f e e t  per second and 10 d n u t e  exposures each t o  
velocities of 8, 12, 16, and 13.5 f e e t  per second. 

Specimen 610. 3 
Erosion Tests on Keyhole Damsite Earth Sample 


