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50
D
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should be retained. Poorly-graded gravelly sand and sandy gravel are internally unstable
and should not be used as filters when the coefficient of uniformity > or-
-x),é_

505
Q.Mj, )
_____________:;> should not be used, and there is no need for requiring parallelism of filter and base

D60F R
C = —— 220
u D10

F

Cu = coefficient of uniformity

D = gize of filter material at 60 percent passing

60F

0.~ size of filter material at 10 percent passing
F

D

Segregation during placement can occur for Cu > 10,
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PREFACE

This study on granular filters for embankment dams was sponsored by the
Office, Chief of Engineers, US Army. This report completes CWIS Work
Unit 31618, "Design and Construction of Granular Filters for Embankment Dams."

Technical Report GL-83-4, "Evaluation of the Erosion Potential of Embankment

Core Materials Using the Laboratory Triaxial Erosion Test Procedure' was pre-

; pared to complete an early phase of this study. X
Y
X This study was conducted by Mr. Walter C. Sherman and Dr. Edward B.

) Perry, Research Group, Soil Mechanics Division (SMD), Geotechnical Labora-

tory (GL), US Army Engineer Waterways Experiment Station (WES). Dr. Kandiah

0 Arulanandan, Department of Civil Engineering, University of Califormnia, Davis,
L]

conducted Studies on "Erosion in Relation to Filter Design Criteria for Earth

i Dams" and "Relationship Between Type and Amount of Fines in Filter Material

e Ty -

Required for Vaughn's Perfect Filter, Crack Susceptibility of Filter, and
Erodibility of Core Material," under WES contracts DACW39-79-M-1133 and
DACW39-81-M-004, respectively. Dr. Marshall L. Silver, Department of Mate-
rials Engineering, University of Illinois at Chicago Circle, conducted studies

AN

PN

on "Laboratory Triaxial Erosion Test Procedure for the Evaluation of the Ero-

sion Potential of Embankment Dam Materials" and "Evaluation of the Erosion

Potential of Embankment Core Materials Using the Laboratory Triaxial Erosion
Test Procedure," under WES contracts DACW39-79-M-5051 and DACW39-80-M-4050, :

respectively. Drs. Arulanandan's and Silver's work was sponsored under this

Vi p m eh
e

work unit. This report was prepared by Dr. Perry.

Laboratory filter tests at WES were conducted during the period from
’ June 1979 to July 1982 by Messrs. Dave A. Ellison and William J. Harper. Soil §

property testing was conducted under the general supervision of Messrs. Gene P.

‘ Hale, Chief, Soil Research Center, and Jessie C. Oldham, Chief, Soil Testing :
t

t

Facility, SMD, GL. The work was performed under the general supervision of
Mr. Clifford L. McAnear, Chief, SMD, and Dr. William F. Marcuson III, Chief,
GL.

COL Dwayne G. Lee, CE, was the Commander and Director of WES during the

preparation and publication of this report. Dr. Robert W. Whalin was Techni-

cal Director.
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SI (metric) units as follows:
Multiply

degrees Fahrenheit

feet
inches
pounds (mass)

H pounds (mass) per cubic foot

By
5/9
0.3048
2.54
0.4535924

16.01846

CONVERSION FACTORS, NON-SI TO SI (METRIC) UNITS OF MEASUREMENT

Non-SI units of measurement used in this report can be converted to

To Obtain

Celsius degrees or Kelvins*

metres
centimetres
kilograms

kilograms per cubic metre

* To obtain Celsius (C) temperature readings from Fahrenheit (F) readings,

use the following formula:

C = (5/9)(F - 32).

readings, use: K = (5/9)(F - 32) + 273.15.

- ‘\f“t“" s 0‘.“!’?"01":’"n‘,“;?"t“‘!v“l“‘l?i'.‘l‘w ‘.l I'.. N I‘;‘I O "l 0’. I’i_t‘. l'. |‘n‘l‘.'!‘a’|'; (]
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To obtain Kelvin (K)



5 LABORATORY TESTS ON GRANULAR FILTERS
FOR EMBANKMENT DAMS

i PART I: INTRODUCTION

Background

e

;ﬁ 1. Present Corps of Engineers (CE) filter criteria date from the early
&4

Y 1950's, and some uncertainty exists as to the applicability and adequacy of

' the criteria under various conditions (Headquarters, Department of the Army
ﬁi 1986). Research by other organizations indicate that the adequacy of current
¢

:: CE criteria should be carefully assessed (Vaughn and Soares 1982; Sherard,

K

;f Dunnigan, and Talbot 1984a and b; Kenney et al. 1984; Kenney and Lau 1984).
VN

o Objective of the Study

.

3

¥ 2. The objective of the study was to conduct laboratory filter tests on
B uniform and graded cohesionless base materials protected by various filters,
L conduct instability tests of various gradations of graded filter materials,

and if appropriate, propose changes to CE filter criteria.

Scope of the Study

d 3. The study is limited to laboratory filter tests conducted at the
! US Army Engineer Waterways Experiment Station (WES) during the period from

1979 to 1982,

-

]
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PART II: FILTER AND DRAIN DESIGN AND CONSTRUCTION
Introduction

4., A filter must retain the protected soil and have a permeability
greater than the protected soil, but does not need to have a particular dis-
charge capacity. Drains, however, while meeting all the requirements of fil-
ters, must have an adequate discharge capacity since drains collect seepage
and carry it to a specified location. In practice, the critical element is
not definition, but recognition by the designer, when a drain must collect and
carry water, and then to design properly the drain for the expected flows.

The objective of filters and drains is to control the movement of water within
and about the embankment. In order to meet this objective, filters and drains
must, for the project life and with minimum maintenance, retain the protected
materials, allow relatively free movement of water, and have sufficient dis-
charge capacity. Filters and drains are used to remove seepage water, reduce
uplift pressures, protect against wave action and rapid drawdown, and prevent
piping. Filter material should be durable particles which will not be altered
by excavation, processing, hauling, placement, and compaction or by stresses
imposed by the embankment or interaction with seepage water. Table 1 gives

applications and functions for filters and drains.

Design Requirements

General

5. The design requirements for filters and drains (Headquarters,
Department of the Army 1986; Headquarters, Department of the Army 1978) are as

follows:

. Retain the protected soil (piping or stability requirement).

1o Im

Allow relatively free movement of water (permeability
requirement).

c. Have sufficient discharge capacity (discharge requirement).

N a » u - - Y g " - Tl W
‘-'I ,"i‘,'x‘.'l"" .'\‘.}1‘Jt‘.‘n a‘l‘-‘!'u'h‘.‘l‘-"‘-'l‘n l“.t AR 6‘.. K P, l‘.'i‘o o o c'l o “0 L) o. " \' 3 ) o 4y ‘. ) ‘c" Che NS XL

* Based upon the gradation of the filter or drain material after compaction,
which includes possible effects of particle crushing, surface runoff, con-
tamination, dust, etc.
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d. Prevent particle migration within the filter (internal stabil- ,%
ity). Laboratory filter tests may be required under certain Jﬂ
conditions (see paragraph 11). Also, when used as a vertical or Q
inclined drain downstream of a fine-grained core material, the r
filter material should not sustain an open crack under saturated 0
flow. To meet this requirement, the fines (material smaller Jﬂ
than the No. 200 sieve or 0.074 mm) should have a plasticity S
index equal to zero. et
a.':
]
Piping or stability requirement ﬁ'
6. To prevent infiltration of the protected soil into the filter 35
material#* ﬁ
N
.E
P15,
= <5 (1 )
85, P
"’
where &
D15 = gize of filter material at 15 percent passing A
F I
D85 = gize of protected soil at 85 percent passing w:
B t
and Qz
U
M
'. +
)
DSOF l::
< 25 (2) r
Dso :
B )
N
oy
where :'::
1
DSO = gize of filter material at 50 percent passing 5
F o
0'0:
D50 = gize of protected soil at 50 percent passing Qﬁ
]
’ i
l:“:
(K
Permeability requirement :
e %
7. To assure the filter material is much more permeable than the %ﬁ
)
protected soil ;&
v
!
* This criterion applies to filters and drains; for brevity, only the word .
filter 1is used. ,ﬁ
7
1Y
7 2
'ty
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=5 (3)

Hazen's law for the permeability of uniform clean sand (Cedergren 1977) is

expressed as

2
k = 100 D10 (8)
where
k = permeability, cm/sec

D10 = gize of sand at 10 percent passing, cm

Hazen's law can be approximated as

2

k = 100 D, (5)
Equation 3 can be written as
D 25D
15F 15B
2 2
D 225D
ISF ISB
1000, % 225 x 100D, °
F B
Using the approximation given by Equation 5
kF 225 kB (6)

Thus, the permeability requirement in Equation 3 requires that filter mate-
rials have 25 or more times the permeability of the protected soil.

8. The stability and permeability requirements are applicable for all
protected soils with gradation curves approximately parallel to the filter

gradation curve, except CL or CH soils. When gradation curves of the

n
)
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protected soil and filter material are not parallel, filter tests should be W

4

run. For CL and CH soils without sand or silt, the 15 percent size of filter A

material in Equation 1 may be as great as 0.4 mm (coarsest limit for concrete ;

¢

sand) and Equation 2 may be disregarded. Q

"

Discharge capacity h,

4

9, When drains are designed and constructed with ample discharge capac- Q

ity, the line of seepage will not rise above the drain. The total quantity of 3

'9

seepage from all sources that must discharge through the drain is determined E

from a flow net for the system (i.e., dam and foundation) assuming infinite h

»

permeability for the drains. The minimum required permeability of the drain 5'

material 1s computed from Darcy's law: “

"'

'I

Q 3

B e \4

k 1A M 1

‘l'

where .E

k = permeability ?

Q = discharge determined for the flow net ‘é!

{ = hydraulic gradient n

A = area of flow ”?

i\

The hydraulic gradient is equal to &z

N

!,

H -

1=7 (8) "

;‘l

X

\J

where Tﬂ

H = head loss ,4

I. = length of flow over which head loss occurs b;

XN

Substituting Equation 8 into Equation 7 2

o

l“

W

pg— (9) '

T /DA 9

N

b,

Seepage in coarse aggregates 1s likely to be turbulent and a reduction factor o™
should be applied to the permeability as shown in Figure 1. In order to

provide for higher than expected flows, the permeability after placement and 3

W\

Y

o

\J
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compaction should be at least twenty times that calculated theoretically from
Equation 9 and Figure 1 (Cedergren 1977).
Gap-graded filter material

e

e s

10. A gap-graded filter material (see Figure 2) should never be used
since it will consist of either the coarse particles floating in the finer

I b

material or the fine material having no stability within the voids by the
coarse material. In the former case, the material may not be permeable enough
d to provide adequate drainage. The latter case is particularly dangerous since
! piping of the protected material can occur through the relatively large

loosely filled voids provided by the coarse material (Headquarters, Department
of the Army 1978).

¥
} Laboratory filter tests
)

11. Laboratory filter tests should be conducted when the soil to be

! protected is either described as

o

Gap- or skip-graded.
. Coarse broadly (or widely) graded.

o ot

. Dispersive.

[N ot v 5

In a gap-graded soil, the coarse material simply floats in a matrix of finer-
sized material. Therefore, the scattered coarse particles will not deter the
migration of finer-sized material as they do in a well-graded material. For

gap-graded soils, the filter should be designed to protect the fine matrix

X, LA

rather than the total range of particle sizes and the design should be checked
. by laboratory filter tests.

12. Laboratory filter tests should also be conducted when the filter
material either contains
it a. Broadly-grained sands and gravels.
b. Crushed rock.

c. Cohesive fines.

Broadly-graded sands and gravels may be internally unstable, and segregation
H during placement can occur for these types of materials. For uniform cohe-
sionless soils, crushing of particle during compaction, with resulting
3 decrease in permeability, occurs to a higher degree in soils with angular
shapes and rough surfaces than in soils with rounded shapes and smooth sur-
faces. Crushing of particle during compaction leads to an increase in the

amount of fines (material smaller than the No. 200 sieve or 0.074 mm) which

10
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results in lower permeability. Also, cementation in limestones and arching
due to particle angularity may occur when crushed rock is used for filters in
earth dams. The permeability of filter materials varies significantly with
the type and amount of fines present.* Even minute quantities of silt or clay
can greatly diminish the permeability of filter material (Cedergren 1977). As
shown ia Figure 3, the addition of 2.5 percent, by dry weight, silt fines to
concrete sand results in an order of magnitude decrease in permeability (Bar-
ber and Sawyer 1952). The addition of 6.5 percent silt fines to concrete sand
decreascs the permeability two orders of magnitude. Similar results were
obtained by the addition of somewhat larger amounts of clay and limestone
fines to concrete sand. As shown in Figure 4, the addition of 2.0 percent
silt fines to a sand-gravel mixture results in an order of magnitude decrease
in permeability (Barber and Sawyer 1952). The addition of 4.2 percent silt
fines to a sand-gravel mixture decreases the permeability two orders of magni-
tude. Similar results were obtained by the addition of somewhat smaller
amounts of clay and larger amounts of limestone, respectively, to a sand-
gravel mixture. As shown in Figure 5, the addition of about 1 percent calcium
montmorillonite fines to a uniform fine sand results in an order of magnitude
decrease in permeability, while over 10 percent kaolinite fines would be

required for a similar reduction in permeability (Fenn 1966).

Congtruction Considerations

13. The average in-~place relative density of the filter should be at
least 85 percent and no portion of the filter should have a relative density
of less than 80 percent (Headquarters, Department of the Army 1971). This
requirement applies to vertical (or inclined) and horizontal drains and fil-
ters under concrete structures but not to bedding layers under riprap. When
the filter materfal is sand or contains significant portions of sand sizes,
the material should be maintained in as saturated a condition as possible dur-

ing compaction to prevent bulking. The filter material should pass the 3-in.

* The amount of fines may increase due to particle crushing during field com-
paction, surface runoff contamination, dust, etc. The laboratory filter
test should be conducted with appropriate type and amount of fines to repre-
sent conditions which will exist in the field after compaction of the
filter.

13
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Figure 3. Influence of type and amount of fines on the permeability
of concrete sand (after Barber and Sawyer (1952)

14

yonw. v T r ; 1Y
O O N N S S o G O O O O O MO OO N DT, o U DR U U N AN AU OGO SO I




W b Ea 3 Deafia scs ik 2. B £ 4% s> ‘A% -ah -

10-2 o

103

104

10-5

106

10-7 AN

COEFFICIENT OF PERMEABILITY, cm/sec

10-8

ORDERS OF MAGNITUDE DECREASE IN PERMEABILITY

109

e

] 1 1 ‘er
0 3 6 9 12 15 o
FINES, PERCENT o

Figure 4. Influence of type and amount of fines on the permeability '.:{
of a sand-gravel mixture (after Barber and Sawyer 1952) o,

15 Yt

PR ) . 7 . » - .
Rt R O SR TN S M R S DRI THETRTNCI N T EM AR NN NN NN NN N M s NV M A



DENACEGIEN.,. B
TRAN T N N -

10-1

R
S Rt

.'\;..“

-
-

~.<-ﬂ¥

-
<
)
o
-

ALCIUM
MONTMORITLONI TE

10-3

COEFFICIENT OF PERMEABILITY, cm/sec
N

ORDERS OF MAGNITUDE DECREASE IN PERMEABILITY

(7]

1 0-4 | 1 | 1

0 2 4 6 8
FINES, PERCENT 4

—h
o

..

‘i

Figure 5. Influence of type and amount of clay mineral on the )

permeability of uniform fine sand (after Fenn 1966) 5

‘l

[}

16 '

i

%

'l ‘."!‘ ¢ "5.“3‘.":‘?’..“:‘"a"'l l“’!', .‘\‘?'ik“u."l ."n.q‘i‘.'i‘t'a‘..b..!A';.o‘-.'l'g .l'. -'l .‘i‘.‘ » ):" [\ '.,n" -.l -‘Ino .|.l ~'..- ...Q. i‘. l‘-'l .’l.. ...' . . .t.\o.‘ A LN ‘:




screen size for minimizing particle segregation and bridging during placement.
Care should be taken during construction to prevent reduction in permeability
of the filter by silt or clay carried in surface runoff, s7 1llage of core

material by hauling equipment, or degradation of filter material during com-

paction. Also, care must be taken to prevent coarse material from collecting
(as a result of segregation during dumping and spreading) between the core and
filter and forming a permeable "tube" through which core material could be
lost by piping.
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PART III: FILTER TESTS ON COHESIONLESS BASE MATERIALS Y

Introduction

R Al A

14, Laboratory filter tests were conducted to check the adequacy of

Py

- -

existing CE filter criteria. In particular, it was desired to determine

whether the requirement for parallel gradations is necessary and whether sup- o
plementary stability ratios are required. ﬁ
| 4
AL

Test Equipment K

15, The equipment used for conducting the filter tests is shown in Fig- i

ures 6 and 7. The filter test apparatus consists of three 12-in.-diam lucite 0
cylinders that are bolted together to form a 6~ft-high test device. Flow is i
downward with provision for a small back pressure to minimize air bubbles. .
Plezometer taps, capped with a No. 70 screen to prevent soil infiltration, 3
were placed at intervals along the cylinder and connected to a wall-mounted &
manometer board to measure incremental gradients.* The quantity of flow was S

measured with a stop watch (nearest 0.1 sec) and graduated cylinders (100,

200, 500, or:-1000 ml) at the location of the inlet to the reservoir shown in

Figure 6. The temperature was measured with a centigrade thermometer, with a

-
I s

range of 0 to 50 deg C and accurate to 0.1 deg C, mounted inside the settling

tank. (Figure 6). Ordinary tap water was used as it was not considered fea-

. o>

sible to deair the large volume of water involved. Consequently, a decrease

-~

in permeability due to the accumulation of air in the top part of the specimen k
(Betram 1940) was anticipated. The influence of air segregation on the test u
results {8 discussed in Appendix A. y
.

Test Program Q

N

16. The test program, as shown in Figures 8 and 9 and Table 2, con- ’
sisted of two series of tests. The first series (Series 1A) consisted of fil- b,
ter tests with a uniform (poorly-graded) base protected by various filters. 5
"

* Pressure gages were used instead of a manometer board for Test 1B-A o
(gages 6, 8, 9, and 10). ﬂ

]

:

18 g

M0 ‘ ¥ Y o w e w » . e LN NN e ™ o e A L
O N e L A A A e A A e e o L N e S s S O R




W e

snyeavdde 193773 L103eioqe] jo weasejp 0I3BWRYIG °g aiandyy

37v3S Ol 1ON

O

dannd "]

e o o
[ 43 LINOWHIHL . o

¥3ONITAD 311007 ..”Ui
I5VE L
NV040Y. 1§ — ‘
(N33UDS 0L'ON A8
(034dVYD) 3DV ISd (N3343S 0L ON
\e . A8 03ddVD)

l\"u._.(.{ 031Vv¥043d
\ \ HLOTO 34V MO¥VH NI-8/1

a— N33¥0S O ON

Y u o o © i
F SiNior o o ﬁ
ONILIINNOD PR
V. o P
k T * °
e o I
e o o
HIOAY3SIY NNV L e o ¢
oNLL3s |17 T bt
® [ J [ ]
ll
H3ILWS — 3
{1

LHOI3H NI-2L x GI 'NI-g2'I |

\\ SdV1 ¥313N0Z31d
3did J1LSVY1d QI 'NI-6L°0

QNVOS Y3 LINONYN ——

19




- WA

~hebpediew mow

“husenseve

conwsmavle
~swsmavew

N

LT

enmbonasvan
~-awsvrevunw

. t—— A\

eawwsnevoe
“wesvraves

)

Figure 7. Laboratory filter test apparatus 0

20 \,

' Ayt

' UMDY . 3
PO RGOSR NN LI IR IO Y X SOCK A K b R T Moy R WL R



R T B A R e R T Y2
‘ 2
: (V1 s9119g) soseq (papeas-£1iood) WiIOFFun Yija 53593 19313 10J SIAIND UOTIEpBIH 8 dind14
AV ¥O 1NS NG _’ozﬁxaaux ] 3sev0d ] ,_m>M§o I54v0D s 5

: ) i . SEILIWITIW IZIS NIVEO
E on-vwo 0 §000 (00O $0'0 1’0 $0 S (1 0s 00t 8on
TN 117
. LN : R
: 06 —+ - t ot
: M I
, \ | |
K 08 : ot
: L ;ﬁf ;
- oL + [+
4 2 ,

o T N SR NS BN A B4 SR ST
: |
p M 09 ! N / — oy D
b Y | , 4 —
b (2] 'Y / 1+‘ i 1_1 ~N

£ A\ N, ﬁ Z
Fy o Oﬂ . A oS “
. A \ ]
E » A \ w 4 ]
) (] R

3 or / 09 4

] \ \ g

F 3 A\ N\ 14 @
.w m mw<m N .lm i [ \Y3 =
E ot X i
. oz M2 N / o0
. . N S¥31714
: o Syt os

//l /
4 —
0 1 1 L cildiy a1y L4l 1 1 001
0L OYLOOLOZ OS OP OC OZ Q1P OL8 9 ¥ € % % % | %1 O € v 9

WALIWONAAH SUFIWNN JAIIS UIVANVIS ‘SN SIHONI NI ONIN3JO AIS GUVANVLS 'S'N




IHOIIM AT ¥ISYVOD INID ¥3d Ny

& 8 ¢ 8 8% R 8 ¢

10

100
0.001

0.005

HYDROMETER
0.00
SILT OR CLAY

0.05

N

0.5

SAND

MEDIUM

N\

U.S. STANDARD SIEVE NUMBERS

GRAIN SIZE MILLIMETERS

BASE
N\

LR
AN

A
NS
[

A N

—
N
10
€

% % % 3 4 6 8101416 20 30 40 50 70 W00 140 200
}

\
GRAVEL
1

T
J
+
i

Gradation curves for filter tests with poorly-graded base (Series 1B)

1%
A
\\
COARSE

y
AA
50

U.S. STANDARD SIEVE OPENING IN INCHES
1
T
\
\
A
A}
-
\ BT\

4 3
00
Figure 9.

()
T

FILTERS
COBMLES
e

8
g 8 & § @ % =8 % 5

10

100

LHOIIM AT ¥INH IN3D ¥3d o

22 ¢!

e I 0 T T 1 L T A S M S P e R B et e b A Ty e )



’,'»,- Y Pat a0 b Yo gk G Bl a0 P8 0 RS R RN , ‘a6 S §'a 4% Gila° O URTRD N7 all bah & YR AR TARARNNN KT R WA ANENE TEA NS
)

;5: The second series (Series 1B) consisted of filter tests with a poorly-graded
ﬁ‘ base protected by various filters.

5§ Description of Soils Tested

.

;ﬁ 17. The gradations of the filter and base materials used for the

b Series 1A and 1B tests are shown in Appendix C and in Figures 8 and 9, respec-
;S tively. The properties of the soils tested are summarized in Table 3. All
ﬂi materials were blended from existing stockpiles of natural sands and gravels
,; of subrounded to subangular particles. The materials were thoroughly washed
2 to remove dust, clay particles, and organic matter. The ratio of inside

% diameter of the filter test apparatus to maximum particle size of the filter
o was 5.6.

B

‘ Specimen Construction

3

ﬂ? 18. The sequence of specimen construction is illustrated in Figures 10
:5 to 17.* The first step in construction of a specimen was to place the bottom
:E lucite cylinder in position as shown in Figure 10. The bottom cylinder over-
:¢ lies a No. 40 screen, 1/8-inch hardware cloth, and perforated plate (Fig-

; ure 11). The filter material was blended in 50 1b increments and mixed prior
5 to placement (Figure 12), Using a funnel and open hose, the filter material
B was placed in the cylinder (Figure 13). All material was placed dry** and no
. compaction was used.t However, average posttest relative densities ranged

Ei from 70 to 100 percent as presented in Table 4. Following completion of con-
;: struction of the bottom cylinder (Figure 14) the middle cylinder was placed in
3 position (Figure 15) and construction continued (Figure 16). The completed
f{ specimen is shown in Figure 17. Photographs of the top cylinder of the test
ot

Y * Pressure gages were used instead of the manometer board at the time this

M series of photographs were taken.

** Placing material wet in an effort to avoild segregation resulted in bridg-
‘ ing of particles and was subsequently abandoned in favor of dry placement.
. t+ The first test (lA-A) was compacted by striking the sides of the permeame-
N ter with a rubber mallet during and after saturation of the filter mate-
A rial. The filter material settled from 62-in. to 59-~in. (approximately
> 5 percent). Therefore, the results of Test No. 1A-A (not reported herein)
were not considered representative. This test was superseded by Test
No. 1A-A (Check).
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Figure 15, Middle cylinder attached prior to filling (Material
shown 1is a poorly-graded sandy gravel used in Test No. 3A as
discussed in Part IV.)
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Figure 16, Bottom and middle cylinders filled (Material shown
is a poorly-graded sandy gravel used in Test No. 3A as
discussed in Part IV.)
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Figure 17, Specimen construction completed with no base material for
this test (Filter material shown is a poorly-graded sandy gravel used
in Test No. 3A as discussed in Part 1V,)
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apparatus showing the base filter interface with a grid overlay were made for :
Test No. 1B-A (Figures 18 and 19) and Test No. 1B-C (Figure 20). Following g:
completion of the permeability test on the filter material (described in para-
graph 19), the filter specimen was drained slowly over about 15 hours. The

top plate of the test device was then removed and base material was placed on ﬁ
top of the filter material using a small scoop. The base material was placed k?
‘ dry and no compaction was used. ;&
o
Test Procedure ﬁﬁ
~;
19. A permeability test was conducted on the filter material prior to §
placing the base material (Table 5). A low vacuum was applied as water was %E
slowly introduced from the bottom of the test device. The time required for X
; saturation of the filter material was about 15 hours. In conducting the per- o
meability test, a relatively low hydraulic gradient was applied across the n
filter material, and pilezometric heads along the filter (see Figure 21 for .
location of piezometer taps), rate of flow through the specimen, and water W
temperature were measured. Readings were taken until the rate of flow became ia
relatively constant with time. Then the hydraulic gradient was increased and 3
the measurements were repeated. This sequence was continued until the maximum *é
hydraulic gradient was obtained. The purpose of the permeability test was not 5?
to document a property of the soil (turbulent flow conditions existed in the .4
filters for some tests as shown in Table 5) but rather to compare the relative o3
permeabilities of the filter and the base,. n
20, Following completion of the permeability test on the filter mate- 5;
rial, the test device was drained slowly under gravity flow over about &
15 hours and the base material placed as described in paragraph 18. The satu- -8
ration process for the filter presented in the previous paragraph was repeated “2
for the filters and base. In conducting the filter test, a relatively low t@
hydraulic gradient was applied across the base material (Table 5), and piezo- .;
metric heads along the base and filter, rate of flow through the specimen, and -3
water temperature were measured., Readings were taken until the rate of flow $$
became relatively constant with time. This procedure was continued until the J
maximum hydraulic gradient was obtained. Piezometer, flow, and water tempera- :4
ture readings are given in Appendix B. ';
-
:
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Figure 18. Top cylinder with grid before test for Test No. 1B-A
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Figure 21, Schematic diagram showing location of piezometer taps
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Posttest Sampling

Y
A 21, Upon completion of the filter test, the water was drained from the
‘s specimen under gravity flow over a 15-hour period. The specimen was marked
& vertically into 6-in. increments (Figure 22). Each increment was removed, as
g' shown in Figures 23 and 24, for determination of dry unit weight* and grada-
) tions (see Appendix D),
.
53 Test Results
: D
Methods used to
N evaluate filter performance
i& 22, Filter requirements. As previously mentioned in Part II, the
': design requirements for filters are to retain the protected soil, allow rela-
b tively free movement of water, have sufficient discharge capacity, and prevent
3 particle movement within the filter. The discharge capacity of the filter is
g calculated based upon the total quantity of seepage determined from a flow net
: assuming infinite permeability for the filter (Cedergren 1977). The fulfill-
: ment of the remaining design requirements may be determined by the filter
@ test,
: 23. Migration of base into filter. Filter failure may occur because of
: migration of a significant quantity of base material into the filter. Some
migration of the base is needed to develop filter action. The required thick-
y ness 1s (Sherard 1981)
8
? D858
t=2 \51s (10)
.|
. where
< t = required base migration to develop filter action
D85B = gize of base material at 85 percent passing
)
f * This method for determining dry unit weight can be in error because the

measurement of the height of each increment is rather approximate. For
example, a 1/4-in. error in height of the increment would change the dry
unit weight about 5 1lb/cu ft. However, the profile of dry unit weight
versus specimen height is capable of showing trends in the data.
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& Migration of the base into the filter in the interior of the specimen was not
Y determined directly, but was rather inferred from visual observation through

the lucite cylinder of penetration of the base around the periphery of the

o
(3
-

filter specimen, comparison between posttest gradations of the filter and the

.. filter material blended for the test for various heights, and changes in per-

O e

o, meability for the upper part of the filter with time. Various limitations are

-

present in the techniques used to determine base migration. The interface
? between the filter and the cylinder wall results in larger pore channels
! within the filter, as compared to the interior of the filter, with resulting Y
abnormally high base migration around the periphery of the specimen.* Migra- "
tion of the base into the filter was possible during construction and/or satu-
f’ ration of the specimen. This pretest migration adds a degree of uncertainty
W to inferences concerning base migration drawn from the posttest dry unit  2
I weight profile of the filter, comparison between posttest gradations of the A
filter and the filter material blended for the test for various heights, and
changes in permeability for the upper part of the filter with time. Also, as F
shown in Appendix A, air segregation (accumulation of air in the voids of the "
% soil) or base migration occurred in the uppermost portion of the filter (54- W

and 57-in.) in each of the filter tests analyzed (5 of 6 tests conducted).

~ Since air segregation would lower the permeability, this would add to the
degree of uncertainty of using changes in permeability of the upper part of
the filter with time to determine base migration into the filter.

W ESTS

24, Relative permeability of filter. As given previously in Part II,

Equation 6, the filter material should have 25 or more times the permeability

to_’_, 7B

: of the base., This requirement is determined from the filter test by comparing

-

the ratio of the permeability of the filter to the permeability of the base.

25. Particle movement within the base and filter. Internal movement of

l. R
A particles within the base or filter was determined by visual observation of %
:: the specimen through the lucite cylinder during the test. Also, as shown in n
}
“ Appendix A, air segregation (accumulation of air in the voids of soil) or d
t

B
b 25

migration of base occurred in the upper portion of the base (63- to 60-in.) in
each of the filter tests analyzed (5 of 6 tests conducted). Since air N

* A unique way to eliminate this problem using an annulus of side material,
coarser than the base and finer than the filter, between the filter and the
cylinder wall has been developed (Sherard, Dunnigan, and Talbot 1984).
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gegregation would lower the permeability, this would add to the degree of
uncertainty of using changes in permeability within the base in determining
internal movement of particles within the base. Possible base migration into
the filter limited the application of posttest dry unit weight profiles, post-
test gradations, and changes in permeability in determining internal movement
of particles within the filter.

Filter tests with a
uniform (poorly-graded base

26, Migration of base into filter. The calculated base migration to

develop filter action (Equation 10) ranged from 0.1- to 0.2-in. as shown in
Table 6. Visual observations of the specimen through the lucite cylinder
indicated that migration of the base around the periphery of the filter
occurred to a depth of about 4 in. during construction in Test No, lA-A
(check), to a depth of about 3 in. during Test No. lA-B, and just slightly
during Test No. l1A-C (Table 7).

27. Posttest dry unit weight profiles of the filter for Test No. lA-A
(check), 1A-B, and 1A-C are given in Figures 25, 26, and 27, respectively. As
shown in Table 7, for Test No. l1A-A (check), the posttest dry unit weight for
the top 6 in. of the filter 1s 24 percent denser than the remaining portion of
the filter because of migration of base into the filter during construction
prior to conducting the filter test. Test No. lA-B and lA-C did not show any
significant changes in the posttest dry unit weight for the top 6 in. of the
filter.

28. The posttest grain size of fine particles (5, 10, and 15 percent
fines) profile of the filter for Test No. lA-A (check), 1A-B, and 1A-C, are
given in Figures 28, 29, and 30, respectively. Base migration would be indi-
cated by a smaller particle size at the top of the filter. No indication of
migration of base into the filter i1s apparent. Comparison among posttest gra-
dation of the top, middle, and bottom 6 in. of the filter are given in Appen-
dix E and summarized in Table 7. Base migration would be indicated by an
increase in the percent of finer particles at the top of the filter. No evi-
dence of migration of base into the filter is present.

29. Changes in permeability with time for various heights within the
base and filter for Test No. lA-A (check), 1A-B, and 1A-C are given in Fig-
ures 31 to 36, respectively. For these plots, the permeability at zero time
was taken as the final permeability measured on the filter during the
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Figure 32. Permeability versus time for filter of
Test No. lA-A (check) (Sheet 1 of 3)
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Figure 36. Permeability versus time for filter of
Test No. 1A-C (Sheet 1 of 3)
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Figure 36. (Sheet 2 of 3)
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Figures 32a, 34a, and 36a indicate a reduction in perme-

permeability test.

;: ability at the top of the filter (54- to 57-in. level) equal to 80, 98, and
" 80 percent (Table 7) occurred for Test No. 1A-A (check), lA-B, and lA-C,

is respectively., This reduction in permeability was due to air segregation

'f (Appendix A) and/or migration of base material into the filter during either
by construction and/or saturation or filter testing.

30. Relative permeability of filter. As stated previously, from

3
S Part II, Equation 6, the filter material should have 25 or more times the per-

meability of the base. Table 5 shows that the ratio of the permeability of

the filter to the permeability of the base averaged 35, 31, and 32 for Test
No. 1A-A (check), lA-B, and 1A-C, respectively.

31. Particle movement within the base and filter. No internal movement

of particles within the base was observed for Test No. l1A-A (check), lA-B, or

", 1A-C (Table 5). No significant change in permeability is evident when compar-

"

ing the permeability of the lower part of the base (60- to 63-in. level) with

the permeability of the upper part of the base (63- to 66-in. level) as shown
in Figures 3la and 31b, 33a and 33b, and 35a and 35b for Test No. lA-A
(check), l1A-B, and l1A~C, respectively. The ratio of permeability of the lower

N s

- part of the base to the upper part of the base ranged from 1.0 to 1.5 for Test
No. 1A-A (check), lA-B, and 1A-C (Table 7). The smaller permeability of the

upper part of the base may have been due to air segregation (Appendix A).

a"a" a u N

and 49-in. elevation

Internal movement of sand within the filter at 38-in.

immediately following application of the highest gradient was visually

) observed in Test No. lA-A (check) during the filter test as given in Table 5.

' The posttest grain size of fine particles profile (Figure 29) and comparison

o among posttest gradations of the top, middle, and bottom 6 in. of the filter

. ¢ o m_.

(Appendix E and Table 7) indicate internal movement within the upper quarter

(46— to 58-in.) of the filter for Test No. lA-B either during comstruction

]
: and/or saturation or filter testing.
]

Filter tests with a poorly-graded base

32. Migration of base into filter. The calculated base migration to

develop filter action (Equation 10), was 1.0 in. as shown in Table 6. Visual

-

observations of the specimen through the lucite cylinder did not indicate that

-

»_w_w
-

migration of the base around the periphery of the filter occurred (Table 7).

-
-

33. Posttest dry unit weight profiles of the filter for Test No. 1B-A,

1B-B, and 1B-C are given in Figures 37, 38, and 39, respectively. As shown in
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Table 7, the posttest dry unit weight for the top 6 in. of the filter is 28,
18, and 18 percent denser than the remaining portion of the filter for Test
No. 1B-A, 1B-B, and 1B-C, respectively, because of migration of the base into
the filter during either construction, saturation, and/or filter testing. For
Test No. 1B-C (Figure 39), there is a profile of increase in posttest dry unit
weight from the 42-in. height to the top of the filter indicating a deeper
migration of the base into the filter.

34, The posttest grain size of fine particles (5, 10, and 15 percent
fines) profile of the filter for Test No. 1B-A, 1B-B, and 1B-C are given in
Figures 40, 41, and 42, respectively. Migration of base into the filter is
evident for Test No., IB-A, 1B-B, and 1B-C., Comparison among posttest grada-
tions of the top, middle, and bottom 6 in. of the filter are given in Appen-
dix E and summarized in Table 7. Test No. 1B-A and 1B-B were finer in the top
6 in. of the filter indicating possible migration of base into the filter dur-
ing either construction, saturation, and/or filter testing.

35. Changes in permeability with time for various heights within the
base and filter for Test No. 1B-A, 1B~-B, and 1B-C are given in Figures 43-48,
respectively. The permeability at zero time was taken as the final permeabil-
ity measured on the filter during the permeability test. As shown in Table 5,
the average permeability of the base material for Test No. 1B-A and 1B-B was
relatively low (2.9 x 10-4 cm/sec and 1.2 x 10_3 cm/sec, respectively) such
that no measurable head loss occurred across the filter during the filter
test. For Test No. 1B-C, the average permeability of the base material
(0.9 x 10—1 cm/sec) was 2 to 3 orders of magnitude higher than for Test
No. 1B-A and 1B-B. Permeability values were obtained for the filter material
during Test No. 1B-C. No data were obtained from pilezometer taps 2, 3, 4, or
5 during the permeability test on the filter prior to placing the base Test
No. 1B-A and 1B-C, Therefore, there is no zero (baseline) permeability for
the 54~ to 57-in. level of the filter, a fact of particular interest with
respect to migration of base material into the filter (Figure 48a) but of no
consequence for Test No. 1B-A and 1B-B since the permeability of the filter
was largely undefined during both tests. However, inferences concerning
migration of base material into the filter (Figure 48a) but of no consequences
for Test No. 1B-A and 1B-B since the permeability of the filter was largely
undefined during both tests. However, inferences concerning migration of base

material into the filter for Test No. 1B-C where peri#ibility data was
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Figure 48. (Sheet 2 of 3)
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PIEZOMETER TAPS | AND 6 (6 AND 54 IN
ELEVATION , RESPECTIVELY)

1

LEGEND
SYMBOL DESCRIPTION
O FILTER
f\c a FILTER AND BASE
1 1 1 1 1
o} 50 100 150 200 250
CUMULATIVE ELAPSED TIME, HOURS
a. Pilezometer taps 2 and 3 (18- and 30-in.
elevation, respectively)
-
PIEZOMETER TAPS | AND 6 (6 AND 54 IN
ELEVATION, RESPECTIVELY)
" O
1 . 1 1 _J
o 50 100 150 200 250

CUMULATIVE ELAPSED TIME, HOURS

b. Piezometer taps 1 and 2 (6- and 18~in.
elevation, respectively)

Figure 48. (Sheet 3 of 3)
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obtained were restricted (Figure 48a). For Test No. 1B-C, Figures 47a and 47b
show that the permeability of the lower part of the base was 5.4 times the
permeability of the upper part of the base (Table 7). This difference in per-~
meability was due to air segregation (Appendix A) and/or migration of the
lower part of the base downward into the filter during either construction
and/or saturation or filter testing.

36. Relative permeability of filter. As previously stated, the filter

material should have 25 or more times the permeability of the base (Part II,
Equation 6). As shown in Table 5, the ratio of the permeability of the filter
to the permeability of the base averaged 1861 and 157 for Test No. 1B-B and
iB-C, respectively.

37. Particle movement within the base and filter. No internal movement

of particles within the base or filter was observed for Test No. 1B-A, 1B-B,
or 1B-C. As noted in Table 5, during the last 12 hours of Test No. 1B-B, a
cavity (3-~3/4-in. by 3/4-in.) appeared in the base material near the top. For
Test No. 1B-C, a cavity was blown out in the top of the sand base by an air
bubble during saturation. Once the test began, the base became dry under low

gradient.

Analysis of Test Results

Filter tests with a
uniform (poorly-graded) base

38. Movement of a significant quantity of base material into the filter
did not occur in Test No. 1A-A (check), 1A-B, or 1A-C. No internal movement
of particles was observed within the base for Test No. 1A-A (check), 1A-B, or
l1A-C. Internal movement occurred within the upper quarter of the filter,
either during construction and/or saturation or filter testing, for Test
No. 1A-B.
Filter tests with a poorly-graded base

39. Movement of a significant quantity of base material into the filter
occurred either during construction and/or saturation or filter testing for
Test No. 1b-A, 1B-B, and 1B-C. No internal movement of particles within the

“ase or filter was observed for Test No. 1B-A, 1B-B, or 1B-C.
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Comparison with CE filter criteria

40. Table 8 gives a summary of the solls, CE filter criteria, and test
results. The filter tests with a uniform (poorly-graded) base met the CE fil-
ter criteria for permeability (Equation 3, Part II) and the first stability
requirement (Equation 1, Part 1I)

15
5 F <5
85B
where
D15 = size of filter material at 15 percent passing
F
D85 = gize of base material at 85 percent passing
B

One of the three filter tests with a uniform (poorly-graded) base Test

No. 1A-A (check) did not meet the second stability requirement (Equation 2,
Part II)

50
F <5
50B
wher 2
D50 = gize of filter material at 50 percent passing
F
D50 = gsize of base material at 50 percent passing
B

Two of the three filter tests (Test No. l1A-A (check) and 1A-B) with uniform
(poorly-graded) base did not meet the criteria for grain size curve of the
filter approximately parallel to grain size curve of the base. However, as
shown in Table 8, movement of a significant quantity of base material into the
filter did not occur for the filter tests with a uniform (poorly-graded) base.
Internal movement occurred within the poorly-graded sandy gravel filter for
Test No. lA-B where the Cu of the filter was 8.

41, The filter tests with a uniform (poorly-graded) base, though lim-
ited, suggest that the second stability ratio (Equation 2, Part II) should not
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xi: be used and that there is no need for requiring parallelism of filter and base ?
) (
“ﬁ gradations.* The tests indicate that problems with internal stability may H
k A\
occur with poorly-graded sandy gravel filters. oy
5 42, As shown in Table 8, the filter tests with a poorly-graded base met 3
%‘ the CE filter criteria for permeability (Equation 3, Part II) and the first ¢
: stability requirement (Equation 1, Part II). Two of the three filter tests o
&
with a poorly-graded base (Test No. 1B-A and 1B-B) did not meet the second \
e o
::: stability requirement (Equation 2, Part II). One of the three filter tests :
{5 with a poorly-graded base (Test No. 1B-C) did not meet the criteria for grain L‘
;5 size curve of the filter approximately parallel to grain size curve of the =g
at L9
base. Movement of a significant quantity of base material into the filter
h: occurred for all three filter tests with a poorly-graded base. o8
:5 43, The limited filter tests with a poorly-graded base indicate that E
&} the second stability ratio (Equation 2, Part II) should not be used. Filter ﬁ

Y Test No. 1B-C with a uniform (poorly-graded) base indicated movement of a sig- =
. 9
’Q nificant quantity of base material into the filter may occur with a uniform :’
*-

. (poorly-graded) filter because of a lack of parallelism of base and filter :
., ~
w gradations when the first stability requirement (Equation 1, Part II) has been j
- satisfied. 5,
""

Py
k] ‘g

. 5]

) )
{

Y Iy
Al °

: =

R
: :
¢
Py l-
K
K ':

. * This is in agreement with laboratory filter tests results obtained by AN
7 Sherard (1981) and co-workers on very uniform (Cu = 1.1, 1.0 = Cu <1.4) S
: avg ;
A sand bases and very uniform (Cu = 2.3, 1.1« Cu £ 9.3) sand and gravel ;
K avg (
) filters (Sherard, Dunnigan, and Talbot 1984). Figure 49 indicates that Test 15

No. 1A-A (check), 1A-B, and 1A-C all fall into the stable category for fil-

. ter tests with a uniform base.
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PART IV: INTERNAL STABILITY OF FILTER MATERIALS

Introduction

44, Laboratory tests were conducted to investigate the internal stabil-
ity of well-graded and poorly-graded gravelly sands. In particular, it was
desired to determine whether an upper 1imit should be placed upon the coeffi-
cient of uniformity of the filter

P60,
%", an
F
where
Cu = coefficient of uniformity
D60 = gize of filter material at 60 percent passing
F
D10 = gize of filter material at 10 percent passing
F

<0 maintain internal stability of filters.

Test Equipment

45. The equipment used for conducting the internal stability tests was
the same as that used for the filter tests described in Part III. However,
prior to conducting the internal stability tests, a new pump and connecting
water lines were installed as shown in Figure 50. Flow was downward and ordi-
nary tap water was used as it was not considered feasible to deair the large
volumes of water involved. Therefore, a decrease in permeability due to the
accumulation of air in the top part of the specimen (Bertram 1940) was antici-
pated. The influence of air segregation on the tests results is discussed in

Appendix A. Pressure gages were used to measure incremental gradients.*

* Manometer board readings were used for Test 1 (gages 1, 2, 3, 4, 5) at
hydraulic gradients of 0.9 and 1.2.
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S: "
A Test Program Z
) s
4 4
N LY
) 46. The test program consisted of six tests conducted on well-graded
. !
:L and poorly-graded gravelly sands with coefficient of uniformity values of 10, $
f‘ 20, and 40 as 1llustrated in Figure 51. "é
A N
0‘ '.J
. Description of Soils Tested
Y
: )
[> 47. The gradations of the filter materials used are shown in Appendix C :
B P g
- and in Figure 51. The properties of the soils are summarized in Table 9. All -j‘
_ materials were blended from existing stockpiles of natural sands and gravels
& byt
1 of subrounded to subangular particles. The materials were thoroughly washed !
Y w
’j to remove dust, clay particles, and organic matter. The ratio of inside diam- 1
‘ q
: eter of the filter test apparatus to maximum particle size of the filter mate- >4
rial tested (Test No. 3) was 5.6. .
s:
N 4
: Specimen Construction X
N .
. L .
v 2
48, The procedure used to construct the specimen for the internal sta-
: bility tests was essentially the same method used to construct the filter v
4
; described in Part III and illustrated in Figures 10 to 17. During construc- 5
: tion, the dry unit weight was measured for each of the three cylinders used to Rt
. form the specimen. Test No. 1 was compacted by striking the permeameter with .
:j a rubber mallet. No compaction was used for any subsequent tests. The aver- :;
o
:; age pretest relative density ranged from 0 to 24 percent for Test No. 1A, 2, :z
e o
ﬁ 2A, 3, and 3A as shown in Table 10. The average pretest relative density for o
Test No. 1 was 58 percent. Following completion of the specimen construction, >
;: photographs of each cylinder of the test apparatus with a grid overlay were "
- \ )
made as shown in Figures 52 to 54. Y
! -
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Figure 52. Top cylinder with grid before test
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49, Prior to conducting the internal stability test, the filter mate-

; rial was saturated in the same manner as that previously described for the k
o
. filter tests in Part III. In conducting the internal stability test, a rela- if
' tively low hydraulic gradient was applied across the specimen* (Table 11), and ;:f
] plezometer heads along the filter (see Figure 55 for location of pilezometer “
é taps), rate of flow through the specimen, and water temperature were measured.
; Readings were taken until the rate of flow became relatively constant with .
g time. Then the hydraulic gradient was increased and the measurements were é_
) repeated. This sequence was continued until the maximum hydraulic gradient _;
. was obtained. Piezometer, flow, and water temperature readings are given in :i'
W) Appendix B. _:
N N
P Posttest Sampling 3.
) 3
. 50. Upon completion of the internal stability test, the water was ;Q
' drained from the specimen under gravity flow over a 15-hour period. Photo- :::
graphs were made of the test apparatus, including each cylinder with a grid ,?
'y overlay, as shown in Figures 56 to 59. The specimen was sampled, as previ- :E:
v ously described for the filter tests in Part III, for determination of dry Eii
unit weight and gradations (see Appendix D). 2:
. Test Results 3:
E 51. Methods used to determine internal movement. As previously men- :i-
tioned in Part II, one of the design requirements for the filter is to prevent :
: particle movement within the filter or internal movement. Internal movement f:f
- of the filter was not determined directly, but was rather inferred from com- ts
) parison between pretest and posttest dry unit weight profiles of the filter, 'k
comparison between posttest gradations of the filter and the filter material
" blended for the test for various heights, and permeability profiles of the :\;'
a filter. As shown in Appendix A, air segregation (accumulation of air in the \6;
. Y
‘ * The hydraulic gradient across plezometer taps 7 and 9 (57- and 63-in. ele-
: vation, respectively) was used as a control. :;’
: =
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voids of the soil) occurred in the uppermost portion of the filter (60- to

63-in.) in each of the filter test analyzed (5 of 6 tests conducted). This e

reduction in permeability at the top of the filter due to air segregation

would have to be taken into account when using permeability profiles to indi- Ry

cate particle migration within the specimen.

¥
‘: 52. Dry unit weight profiles of the filter., Pretest and posttest dry v,
L

unit weight profiles for Test No. 1, 1A, 2, 2A, 3, and 3A are given in Fig-

X ures 60-65, respectively. Table 12 gives changes in dry unit weight of the ~§
i

N filter based upon comparison of pretest and posttest density of the top, mid- :ﬂ
' dle, and bottom lucite cylinders used to form the specimen. As previously $

¥ L]

I3 [

mentioned, Test No. 1 was compacted by striking the permeameter with a rubber

‘ mallet, and the results from this test are considered atypical. Since Test

L, No. 2 to 6 were constructed of dry, loose (relative density 0 to 24 percent) ;2}
e

sand and gravel, the dry unit welight may have increased as a result of settle-

ment due to saturation, consolidation due to seepage flow, and/or particle :

. migration. When particle migration occurred, the No. 40 screen at the base of Q)

Y the filter apparatus (Figure 44) would restrict the flow of particles larger o

than fine sand (0.42 m) resulting in an increase in dry unit weight at the i?
F

bottom of the specimen. As shown in Figures 62 and 65 and in Table 12, an

i increase in posttest dry unit weight with depth occurred for Test No. 2 and <

b 3A. The magnitude of the increase in posttest dry unit increased with

increase in the coefficient of uniformity.

53. Comparison bhetween filter gradations. The posttest grain size of

” fine particles (5, 10, and 15 percent fines) profile of the filter for Test N ¢

, No. 1, 1A, 2, 2A, 3, and 3A are given in Figures 66 to 7], respectively.

Internal movement would be indicated by a decrease in particle size with depth N

t
of the filter. As shown in Figure 66, internal movement occurred, either dur- .
! ing construction and/or saturation or filter testing, within the middle por- "
t
: tion (26- to 38-in.) of the filter for Test No. |. As mentioned previously, ﬂé

Test No. | was compacted by striking the permeameter with a rubber mallet, and

the results from this test are considered atypical. Comparison among posttest

" gradations of the top, middle, and bottom 6 in. of the filter are given in ;1
’ 4
! Appendix E and summarized in Table 12, Internal movement within the specimen e
. would result in a grading that was finer with depth. If movement occurred k?
L)
t

throughout the specimen, the middle of the specimen might show no net change

in gradation or might be coarser in gradation (Kenney and lau 1984). Internal
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LAY,

movement is indicated for Test No. 3 that was coarser at the top of the speci-
men and Test No. 3A that was finer at the bottom of the specimen.

S4. Permeability profiles of the filter. Permeability profiles of the
filter for Test No. 1, 1A, 2, 2A, 3, and 3A are given in Figures 72 to 77,
respectively. Internal movement would be indicated by a decrease in perme-

ability with depth of the filter. Air segregation would cause a reduction iIn
permeability at the top of the filter. As shown in Figures 72 to 77 and
Table 12, none of the tests showed a permeability profile that would be indic-

ative of internal movement, {i.e., a decrease in permeability with depth.

Analysis of Test Results

55. Table 13 gives a summary of soils and test results. Internal move-
ment within the filter occurred for the poorly-graded gravelly sand and sandy
gravel. The magnitude of internal movement increased with increase in the
coefficient of uniformity. The internal stability tests, though limited, sug-
gest that poorly-graded gravelly sand and sandy gravel with coefficients of
uniformity (Equation 11) equal to or greater than 20 are internally unstable

and should not be used as filters.
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PART V: PROPOSED CHANGES TO CE FILTER CRITERIA

Filter Tests on Cohesionless Base Material

Uniform (poorly-graded) base

56. The filter tests with a uniform (poorly-graded) base, though
limited, suggest that the second stability ratio (Equation 2, Part II)

50
<25

50

where

D50 = gize of filter material at 50 percent passing
F

D50 = size of base material at 50 percent passing
B

should not be used and that there is no need for requiring parallelism of fil-
ter and base gradations.

Poorly-graded base

57. The limited filter tests with a poorly-graded base indicate the
second stability ratio (Equation 2, Part 11) should not be used, but the

requirement for parallelism of filter and base gradations should be retained.

Internal Stability of Filter Materials

58. The internal stability tests, though limited, suggest that poorly-
graded gravelly sand and sandy gravel are internally unstable and should not

be used as filters when the coefficient of uniformity (Equation 11, Part IV)

60
c, = 5— 220
lOF
vhere
Cu = coefficient of uniformity
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Table 2 Yot
e,
CE Filter Criteria ghs!

Permeability Stability

D D D :.t.:‘
o bt
DISF >5 15F <5 50F < 25 Grain Size Curve of W

'
15 85 Dy Filter Approximately ks

B Parallel to Base e
108 No

25 No I
12 Yes

91 Yes Y
38 Yes

22 No 2

e o o

Test No. B
1A-A (Check)* 7
1A-B 8

9
1

1A-C

1B-A 12
1B-B 55
i 1B-C 104

-~

(9%} N ey Eng 3 w o=
i >,
X g
ia o o S

* Test 1A-A was compacted by striking the sides of the permeameter with a
rubber mallet and the test results were not considered representative. NG
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. Table 4 "
[ s
" Average Posttest Density of Filters :"::
By g
1y "','
Average Posttest
" Minimum Dry Maximum Dry Dry Unit N
" Unit Weight Unit Weight Weight* Relative Density** A
. Test No. 1b/cu ft 1b/cu ft 1b/cu ft percent o
[\ U
. 1A-A (check) 113.0 126.4 124.5 71 ':!j
Ul
1A-B 107.2 124.0 121.0 84
Y, 1A-C 105.9 118.1 114.2 70 N
N 1B-A 91.3 109.0 109.9 100 Y.
! ~
; 1B-B 100.5 118.8 116.1 87 N
: 1B-C 87.8 101.0 100.4 96 >
» t,~
» ‘.‘.'
. >
y, >
‘, X
i: ;:‘
i b
! N
o‘l‘
:. :
" i
. “o"
’ 2
¥ ",
) R
:' ‘I‘:
(A
: B
' 4
v t::.
D :
§ N
b
5 * Taken from 0-50-in. depth of filter. ()
N
' **D Yd -Yd in Ydmax D,
¢ d = “‘Y x — = x 1002 N
' dmax - dmin d :'i,
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Table 6
Calculation of Required Base Migration into Filter

to Develop Filter Action

D85 Calculated
B Bagse Migration*

Test No. mm _mm in.

) 1A-A (check) 0.275 3.7 0.1
1A-B 0.350 4.7 0.2

1A-C 0.350 4.7 0.2

1B-A 1.930 25,7 1.0

1B-B 1.930 25.7 1.0

1B-C 1.930 25.7 1.0

- -

* Using Equation 10 in Part III,.
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APPENDIX A: OCCURRENCE OF AIR SEGREGATION by
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' History of a Specimen ﬁ,
: :?:
' }
1., The construction-saturation-testing sequence for a typical Series lA .
% "
? and/or 1B specimen 1s given in Figure Al.* Following completion of the perme-~ $:
; J
, ability test, it was necessary to drain the filter specimen in order to place A
D
, the base material.** Prior to running the filter test, the specimen (filter :39
and base) was saturated. Therefore, the initial conditions existing in the .
' specimen before commencing the filter test are a function of the history of E;
i ‘)-\
¥ the specimen. Aiﬂ
&
: 2. For the permeability and internal stability tests, air segregationt ﬁ:'
may occur during the saturation of the filter material. For the filter tests, .
p air segregation may occur in the base and/or filter materials following satu- EE,
K. ration. Also, migration of the base into the filter may occur during satura- Qﬁf
v
3 tiontt and/or testing. The following section describes the procedures used to ; ,
) :
determine if air segregation occurred within the specimen during permeability
: =
. and filter tests. v o]
'<‘ :.,;,
' ‘_.:‘
. Method of Analysis o
“ 3. The occurrence of air segregation may be determined by plotting the wra
height of the filter (and base if present) versus b@
K A\
i h, - h ‘e
¥ .
- - _J ji=-1 Ay
1 I x1L (Al)
o avg avg !
A h
1 where i, = hydraulic gradient at j (ratio of head loss to length over which NG,
. head loss occurs) Y
» L
; iav = average hydraulic gradient for all increments and times at a ::
g particular flow rate -
h, = plezometer reading at j .
3 o)
I~
* No base material was used for the internal stability tests (construction- E\;
saturation-testing history was similar to that for the permeability test). 0
** The top plate of the test apparatus was removed to place the base - @
N material. This necessitated draining the specimen to prevent water from o
: leaking between the bottom cylinder and the O-ring contained in the bottom oy
\ of the test apparatus. : v
t+ Air segregation refers to the accumulation of air in the voids of the ? :
! soil. f y
t+ 1In Test No. lA-A (check) base material migrated into the filter to about a
4-in., depth following saturation of the specimen. R
W,
N
-~
A2 E.
) ="
‘ »
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hj-l = piezometer reading at j-1
L = distance from j to j-1
Since
Q=11At (A2)
where
Q = quantity of discharge
k = Darcy's coefficient of permeability (commonly called the
coefficient of permeability or the permeability)
i = hydraulic gradient
A = cross-sectional area of flow
= time of flow
Therefore
k@ L
At 1
ko —- (A3)
i

Since the permeability is inversely proportional to the hydraulic gradient an
increase in ij/iavg represents a decrease in permeability and vice versa.

4, For purposes of this study, air segregation is considered to have
occurred in the filter for the permeability and internal stability tests and
in the base for the filter test when

/ W \ 21.0 (A4)

)
avg avg

where the average is taken over the uppermost portion of the filter (54- to

57-in.) and the upper portion of the base (63- to 66-in.). Air segregation
and/or migration of the base into the filter is considered to have occurred in

the filter for the filter test when

/ I B \ 21.0 (A%)

TR
avg avg

A4
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Permeability and Internal Stability Tests

5. Figure A2 shows the profiles obtained by plotting the height of the
filter versus 1 /1avg for Test No. l1A-A (check). The results indicate air

]

segregation occurred in the uppermost portion of the filter (54-57 1in.) since

- h \
-1 = 1.31 21.0

(
Q‘avg x L /avg

No trend was observed with respect to time.

6. Although not shown herein, data from seven other tests* were ana-

3

lyzed in the same manner as shown in Figure A2. A summary of the results is

L

given in Table Al. Air segregation occurred in the uppermost portion of the

filter in each of the permeability and internal stability tests analyzed.

s 23 8V RS

Filter Tests

b

RN

7. Figure A3 shows the profile obtained by plotting the height of the

-

filter and base versus ij/iavg for Test No. 1A-A (check). The results indi-

cate air segregation occurred in the upper portion of the base (63- to 66-in.)

since

e Jo T Yo
<

h. - h '\
b -1 = 1.09 21.0
i x L /L
avg vg

PR EERR A

Also, the results indicate air segregation and/or migration of base occurred

in the uppermost portion of the filter (54-57 in.) since

hy - by p )
iavg x L /avg

2,

No trend was observed with respect to time.

* Test No. 1A-C, 1B-B, 1A, 2, 2A, 3, and 3A. Test No. lA-B was not analyzed
because of variations in flow with time. Test No. 1B-A, 1B-C, and 1 were not
analyzed because of insufficient data (see Appendix D).
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Figure A2. Nondimensional ratio of hydraulic gradients versus height
‘ of filter for Test No. lA-A (check) during permeability

' tests
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Table Al R

O

' ¢

R A S

Summary of Results for Air Segregation for Permeability ;5&

and Internal Stability Tests *

" % -

- L,

T x1L o

Test No. avg avg Air Segregation** hGe

1A-A (check) 1.31 yes o

1A-C 1.06 yes .

! 1B-B 1.20 yes "t‘:’

'l

| 1A 1.15 yes '
¢

! 2 1.68 yes g)f

2A 1.60 yes W

. 3 1.38 yes s

~ 3A 1.75 yes 3
)

' W
'\: )
¥

L -. L

) )

¥, 5 J
2

¥ ” ‘,
';:-

! Y
3

r 3
F
* Uppermost portion of specimen: 54- to 57-in. for Test No. l1A-A (check), gE;
R 1A-C, and 1B-B; 60- to 63-in. for Test No. 1A, 2, 2A, 3, and 3A. J
‘ h = h _l \ ]
. **%* Defined as I i ” i 21.0 ‘5‘
\ avg avg
v .
Y {
» -* i
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8. Although not shown herein, data from four other tests* were analyzed
in the same manner as shown in Figure A3, A summary of the results is given
in Table A2, Air segregation occurred in the upper portion of the base in
each of the filter tests analyzed. Also, air segregation and/or migration of
base occurred in the uppermost portion of the filter in each of the filter

tests analyzed.

* Tegt No. 1A-B, 1A-C, 1B-B, and 1B-C. Test No. 1B-A was not analyzed
because of insufficient data (see Appendix D).
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1A - A (CHECK)
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5

BORING NO.

TEST NO.

0.05

i
PROJECT
DEPTH/ELEV

3

FINE

40 S0 70 100 140 200
T

1 :
GRAIN SIZE IN MILLIMETERS
SAND
>

16 20 30
1

U.S. STANDARD SIEVE NUMBERS
WEDTUM
2

6 810
T

COARSE |
NAT W, X

4
1

w ™

H
1
10
FINE

e

_—1" POSTTEST GRADATION
\

GRAVEL
]
GS

3
GRADATION CURVE
v

{
COARSE

3
T
PI

4

U.S. STANDARD SIEVE OPENING IN INCHE
A
100 S0

COBBLES
PL

6
T
BLENDED MATERIAL -
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APPENDIX E:

COMPARISON AMONG POSTTEST GRADATIONS OF THE TOP,
MIDDLE, AND BOTTOM 6 IN. OF THE FILTER
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