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1. Purpose. This manual presents the fundamental design principles and
guidance concerning seepage considerations for design of new dams and the
evaluation of existing projects.

2. Applicability. This manual is applicable to all HQUSACE/OCE elements and
field operating activities having responsibility for the design and
construction of civil works projects.

3. Discussion. All earth and rock-fill dams are subject to seepage through
the embankment, foundation, and abutments. Concrete gravity and arch dams are
subject to seepage through the foundation and abutments. Seepage control is
necessary to prevent excessive uplift pressures, sloughing of the downstream
slope, piping through the embankment and foundation, and erosion of material
by loss into open joints in the foundation and abutments. The purpose of the
project, i.e., long-term storage, flood control, etc., may impose limitations
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CHAPTER 1
[ NTRODUCTI ON

1-1. Purpose. This nmanual provides guidance and information concerning seep-
age analysis and control for dans.

1-2. Applicability. The provisions of this manual are applicable to al
HQUSACE/ CCE el ements and field operating activities (FOA) having responsibil-
ity for seepage analysis and control for dans.

1-3 References. Appendix A contains a |list of Government and non- Gover nnent
references pertaining to this manual. Each reference is identified in the
text by either the designated publication nunber or by author and date
Reference to cited material in tables and figures is identified throughout the
manual by superscripted numbers (item 1, 2, etc.) that correspond to simlarly
nunbered itens in Appendix A

1-4.  (njective and Scope. The objective of this manual is to provide a guide
for seepage analysis and control for dans.

1-5. CGeneral Considerations. Al earth and rock-fill dams are subject to
seepage through the enbankment, foundation, and abutnents. Concrete gravity
and arch dans are subject to seepage through the foundation and abutnents.
Seepage control is necessary to prevent excessive uplift pressures, sloughing
of the downstream sl ope, piping through the enbanknent and foundation, and
erosion of nmaterial by loss into open joints in the foundation and abutnents.
The purpose of the project, i.e., long-term storage, flood control, etc., may
impose linmtations on the allowable quantity of seepage (Sowers 1977).

1-1
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CHAPTER 2
DETERM NATI ON OF PERMVEABI LI TY OF SO L AND
CHEM CAL COWVPCSI TI ON OF WATER

2-1. Darcy's Law.

a. Developrment of Darcy's Law. Henry Darcy, a French engineer, con-
ducted a | aboratory experinent to study the flow of water in verticals and
filters which he published in his 1856 treatise. The results of his experinment
indicated that (Rouse and Ince 1957)

v = ki (2-1)
or since Q= VA
Q = ki At (2-2)
or using g =%
qg = kiA (2-3)
\where
v = discharge velocity
k = Darcy's coefficient of perneability(”

hydraulic gradient (head |oss/length over which head |oss occurs)
Q = quantity of discharge

A = cross-sectional area of flow

t =tinme of flow

g = rate of discharge

b. Extension to Inclined Soil Colum. Darcy's |law may be extended to

flow through an inclined soil colum given in figure 2-1 (Harr 1962). As
indicated in equation 2-1, flowis a consequence of differences in tota

(1)Cbnnnnly called the coefficient of perneability or the permeability.

2-1
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head!"’ and not of pressure gradients (Harr 1962 and Bear 1972). As shown in
figure 2-1, flow is directed from point A to point B even though the pressure
at point Bis greater than that at point A

OVERFLOW o
FOR CONSTANT WATER SUPPLY
HEAD TANK /
[ T = 1
e~ v
i OVERFLOW
1 A 4
3
[aWERN
Y
N e
HEAD N
POINT TOTAL PRESSURE ELEVATION
A ha Pa Zy
B hg PB/7;; Zg

ARBITRARY DATUM (Z - 0)/

Figure 2-1. Darcy's law for flow through inclined soil colum
(prepared by VES)

(1) The elevation head at any point is the distance from sone arbitrary datum
The pressure head is the water pressure divided by the unit weight of the
water. The total head is the sum of the elevation head and the pressure

head.
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c. Discharge Velocity and Seepage Velocity. The discharge velocity is
defined as the quantity of fluid that flows through a unit cross-sectional area
of the soil oriented at a right angle to the direction of flowin a unit tinme
The discharge velocity is used in determning the quantity of flow or rate of

discharge through a soil. As flow can occur only through the interconnected
pores of the soil, as shown in figure 2-2, the actual rate of

OVERFLOW

FOR CONSTANT WATER SUPPLY

HEAD TANK /

Ao

/OVERFLOW
—— A D e —
FLOW | N 2
|
_ T D?
4
/““"‘—ACTUAL FLOW
\t PATH IN PORE
SPACES

—

M)

",

ﬁ;ﬁ; AVERAGE LINEAR
/\\ FLOW PATH

SECTION A-A

Figure 2-2. Concepts of flow paths through a soil colum
(prepared by VES)

movenent of the water, as neasured with dye tracers for instance, is the seep-
age velocity (Harr 1962 and Casagrande 1937) which exceeds the di scharge
vel ocity.

(2-4)

<\
]
Bl

2-3
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wher e

seepage velocity

<1
[

porosity (ratio of volume of voids to the total volume of the soil
mass)

>
1

It follows that

r—‘-lgl

(2-5)

Equation 2-5 is a useful expression in estimating field perneabilities using
dye tracers (Soil Conservation Service 1978).

2-2. Range of Validity of Darcy's Law.

a. Lower Bound. Darcy's law (equations 2-1 through 2-3) applies to
linear flow (adjacent flow lines are locally straight and parallel). For flows
through soils, there are two situations where the validity of this linear
relationship may not hold. For highly plastic clays of low perneability, there
may be a threshold hydraulic gradient below which flow does not take place.
Such conditions may occur in deeply buried clays and clay shales. For nany
practical seepage problens the rate of flow through these soil layers is so
smal | that they can be considered to be inpervious (Mtchell 1976, Chugaev
1971, Basak and Madhav 1979, and Miskat 1946).

b. Upper Bound. O greater practical inportance is the upper linit on
the range of validity of Darcy's law. It has been recognized that, at very
high flow rates, Darcy's |aw does not hold (Chugaev 1971). The upper limt is
usual l'y identified using Reynolds nunber, a dinensionless nunber that expresses
the ratio of internal to viscous forces during flow It is often used in fluid
mechani cs to distinguish between lamnar flow (fluid layer flows al ongside of
another at approximately the same velocity with no nmacroscopic nmixing of fluid
particles) at low velocities and turbulent flow (velocity fluctuations, both
parallel and transverse, are inposed upon the nean notion with mxing of the
fluid particles) at high velocities. The Reynolds number for flow through
soils is

vDp

§R=T (2-6)

wher e
® = Reynol ds nunber

D = average diameter of soil particles

2-4
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o density of fluid

u coefficient of dynamic viscosity of fluid

The critical val ue-of Reynolds nunber at which the flowin soils changes from
laminar to turbulent has been determned experinmentally by various investiga-
tors to range from1l to 12 (Harr 1962 and Chugaev 1971). Assuming a water

tenperature of 20° C, substituting p = 998.2 kg/nf and p = 1.002 x 10'3 kg/ m
sec into equation 2-6, and assum ng values of D and solving for v with ®
= 1 and R = 12 gives the relationship shown in figure 2-3 which defines
the upper bound of the validity of Darcy's law. Depending on the discharge

velocity, Darcy's law is generally applicable for silts through nedi um sands.

c. Turbul ent Flow

(1) Estimating Perneability from Enpirical Equation. For flow through
soils more pervious than nmedium sands, flow is likely to be turbulent. Under
turbul ent conditions, the seepage velocity in a material wth nonosized soi
particles (coarse sands and/or gravels) can be estimated fromthe fol |l owi ng
equation (WIkins 1956, Leps 1973, and Stephenson 1979).

o = 0-540-5%

(2-7)

wher e
v = seepage velocity in inches per second

W= an enpirical constant, which depends on the shape and roughness of
the soil particles and viscosity of water and varies from 33 for

crushed gravel to 46 for polished marbles, in inchll2 per second

M= hydraulic mean radius of the rock voids (for a given vol une of
particles equal to the volune of voids divided by the total surface

area of the particles, or the void ratio divided by the surface area
per unit volume of solids) in inches

i = hydraulic gradient

The coefficient of perneability is obtained fromthe seepage velocity using
equation 2-5. For well-graded soils, the Dy, size (50 percent finer by weight)
can be used to calculate the hydraulic mean radius provided that the m nus
1-in.-size material is less than 30 percent by weight. |If there is nore than
30 percent of minus 1-in.-size material, the perneability should be deternined
experimentally (Leps 1973).

(2) Determining Perneability Experimentally. Aternatively, for flow
t hrough soils nore pervious than medi um sands, the rel ationship between

hydraul i c gradi ent and di scharge velocity can be determi ned experinentally
(Cedergren 1977).

2-5
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10 = | L T 1171 T 1 TTTT T 1 TTTT
TURBULENT FLOW
v# ki
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; \\ 5
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£ .
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Q - -
(o] '9\\
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] - ] -
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I R=Dp
Q u
)
o
0.1 — E\
[ ’9\\ ]
B LAMINAR FLOW ¢ ]
B cv = ki ]
0.01 1 1 | L) 1 1 1 111 NS 1 1 1 1 1114
0.1 1 10 100
AVERAGE DIAMETER OF SOIL PARTICLE, MM ’
FINE | MEDIUM | COARSE FINE I COARSE -
SAND GRAVEL
Figure 2-3. Boundary between laminar and turbulent flow determ ned
usi ng Reynolds nunber for tenperature of 20° C (prepared by MVES)
2-3.  Coefficient of Perneability.
a. Darcy's (Engineer's) Coefficient of Permeability. The coefficient
of perneability used in seepage analysis for dams is called the Darcy's or

engi neer's coefficient and is given by (Cedergren 1977)
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v
k = 1 (2-8)
or since Q = VA
- _Q
k = TAT (2-9)
or using q = %
« = 4 (2-10)
iA

The coefficient of pernmeability is defined as the rate of discharge-of water
at a tenperature of 20° C under conditions of lam nar flow through a unit
cross-sectional area of a saturated soil nedium The coefficient of perme-
ability has the dinmensions of a velocity and is usually expressed in centi-
meters per second. Perneability conputed on the basis of Darcy's lawis
limted to the conditions of lamnar flow and conplete saturation of the soil
Under conditions of partial saturation, the flowis in a transient state and
is time dependent. To analyze natural flow conditions which depart fromthe
Darcy flow condition, it is sonetines necessary to apply Darcy's law in condi-
tions where it is not strictly valid. Wien this is done, the effects of tur-
bulent flow and partial saturation on the pernmeability nust be recogni zed and
taken into consideration (Cedergren 1975).

b. Intrinsic (Specific) Perneability. The coefficient of perneability
of a soil material varies for different pore fluids depending upon their
density and viscosity as follows:

k=k°% (2-11)
wher e
ko = intrinsic pernmeability
y = unit weight of pore fluid
Il = viscosity of pore fluid

The intrinsic perneability has the dinmensions of length squared and is
expressed in square centineters or Darcy's (equal to 1.01 x 10°® cnf). Fig-
ure 2-4 is a chart for the conversion of permeability values fromone set of

2-7
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units to another (Lohman et al. 1972). Substituting equation 2-11 into
equation 2-1

v=k Li (2-12)
o

Equation 2-12 nay be used when dealing with nore than one fluid or with tenper-
ature variations. This is widely used in the petroleumindustry where the
presence of gas, oil, and water occur in nultiphase flow systens (Freeze and
Cherry 1979, and Bureau of Reclamation 1977). In seepage analysis for earth
dans where we are primarily interested in the flow of water subject to snal
changes in tenperature, this refinement is seldom required

¢c. Transmissivity Factor. In order to describe the flow characteris-
tics of an aquifer (saturated perneable geologic unit that can transmt
significant quantities of water under ordinary hydraulic gradients),
C. V. Thesis introduced the termtransmssivity which is defined as (Bureau of
Recl amation 1977)

T = kt (2-13)

wher e
T =transmssivity factor

k average perneability

t aqui fer thickness

Transmi ssivity represents the rate of discharge for a gradient of unity
through a vertical strip of aquifer one unit w de and has dinensions of |ength
squared per unit time and is usually expressed in square feet per day.

2-4.  Factors |Influencing Perneability.

a. Range of Values of Perneability. No other property of soil exhibits
a wider range of values (up to ten orders of nmagnitude) or shows greater
directional (anisotropy) and spatial variability in a given deposit as does
the coefficient of perneability. The approximate range in coefficients of
perneability for soils and rocks is shown in figure 2-5 (MIligan 1976).
Wthin the range, extrenme variations of pernmeability in situ are possible due
to the degree of stratification or heterogeneity of the soil deposit.

b. Variation of In Situ Pernmeability. Natural soil deposits are
generally stratified in structure. Water-deposited soils are laid down in
"horizontal layers and are often nore perneable in the horizontal than vertica
direction. Wndblown sands and silts are generally nore perneable vertically
than horizontally due to the presence of continuous vertical root holes. An
i nportant exanple of stratification is openwork gravel which may occur in

2-9



EM 1110-2-1901
30 Sep 86

Values of k, cm/sec.

a?’ 10 ' R T s Y S A
) 1 1 1 L L 1 L L l
I 1
Silts Homglgoenseous
«€—— Gravels Sands Y

Fissured,weathered Ciays

Fractured O/C Clays,Tills

!-'n:cctured heavily Lightly jointed/
jointed Rock Sound RoCK ———

Figure 2-5. Approximate range in coefficient of

permeability of soils and rocks (from MIIigan224)

ordinary gravel or soil and have tremendous influence on the watertightness of
dam foundations and abutments as shown in figure 2-6 (Cedergren 1977). Fig-
ure 2-6a shows a soil profile surmsed from several drill holes. The grain
size analysis of soil sanples taken at frequent intervals erroneously indicated
that the deposit was conposed of relatively uniform sandy gravels. Laboratory
perneability tests on disturbed sanples produced coefficients of permeability

of about 1 x 10'6 cmsec. Using this value of perneability, the probable
seepage | oss beneath the proposed dam was estimated to be 3 cu ft/day, which is
an insignificant quantity. However, the design engineer had observed nany
openwork streaks in which the fines fraction of the material was al nost

conpl etely absent along the banks of the river and noted that the ground-water
table was level for several hundred feet away from the river and fluctuated
rapidly with changes in river stage. Field punping tests were conducted which
i ndi cated sonewhat variable perneabilities but none approaching the magnitude
of openwork gravels. Based upon the available data, the dam was designed with
a cutoff trench to bedrock. During the excavation of the cutoff trench,
streaks of openwork gravel were found throughout the foundation. A revised
seepage conputation based on a perneability of 30 cmsec indicated that wthout
the cutoff trench, the theoretical underseepage would be about 1,000,000 cu
ft/day. |If openwork gravel or other inportant discontinuities in earth dam
foundations remain undetected, serious problens from excessive seepage and
hydrostatic pressures will develop. This exanple illustrates the potential
serious effects of deviations between the design assunptions and the as-built
dam (Cedergren 1977). Al'so, thin continuous seans of cohesive soil can
drastically alter the vertical flow through what would otherwise be a highly
perneable site.

2-10



EM 1110-2-1901

30 Sep 86
— T —
SILTY CLAY u SILTY CLAY
/K =1X10"cm/sec 2, /K=1X10" cm/sec
M LA A I AELS | X R R S
-.E': ) ' '.‘bz:.".?: ':t:'.v_'. T v‘ e
g e T e OPEN-WORK
! SAND AND GRAVEL v, L N e GRAVEL
e 58| sy K=30cemiseo
". '.. . ,‘:"_. ,’.b : :_:‘ ° ‘-v“. 'V
v ".' o ’:.Z."_u:--:‘: ;,':‘- JL A N g i v v 'Vv“i -
i A v ki
SANDSTONE SANDSTONE
a. Soil profile surmsed from h. Soil profile revealed by
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dam equal to 3 cu ft/day age under dam equal to
1,000,000 cu ft/day
(without cutoff trench)
Figure 2-6. Influence of openwork gravel on underseepage

(courtesy of John Wley & Sons, Inc.155)

c. Properties of the Seepage Fluid. The properties of the seepage
fluid which influence the perneability of soils are the tenperature, density,
viscosity, and chenical conposition

(1) As shown in table 2-1, for the range of tenperatures ordinarily
encountered in seepage analysis of danms (0° C to 40° C) the density of water
is nearly constant (varies less than 1 percent)

Table 2-1. Properties of Water?

Tenperature Density Viscosity

°C oF kg/ ' kg/ m sec
0 32 999.8 1.787 X 10'3
5 41 999.9 1.519

10 50 999.7 1. 307

15 59 999.1 1.139

20 68 998. 2 1. 002

25 77 997.0 0. 890

30 86 995. 6 0.798

35 95 994.0 0.719

40 104 992.2 0. 653

%Prepared by VES.
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(2) The viscosity varies up to 63.5 percent over the range of tenpera-
tures ordinarily encountered in seepage analysis of dams. As indicated in
equation 2-11, the perneability is inversely proportional to the viscosity of
the water. As given in table 2-1, the viscosity of water decreases as tenpera-
ture increases. Therefore, the coefficient of permeability of the soi
increases as the tenperature of the water increases. Perneability tests are
run at the nost convenient tenperature and reported at 20° C

(3) The total dissolved salts (TDS) present in the seepage water may
influence the perneability of the soil, particularly for cohesive soils (Quirk
and Schofield 1955 and Cary, Walter, and Harstad 1943). Available data indi-
cate that cohesive soils may be two to three orders of magnitude nore perneable
to seepage water containing noderate anmounts of dissolved salts (less than
300 parts per nmillion by weight) than the distilled water (Carry, Walter, and
Harstad 1943).

d. Degree of Saturation. The degree of saturation of a soi

<

S = V—" x 100 percent (2-14)
v

wher e
S = degree of saturation
Vw = vol ume of water
V, = volune of voids

has an inportant influence on perneability. A decrease in the degree of
saturation causes a decrease in the perneability as shown in figure 2-7 (Lanbe
1951). When the degree of saturation is |ess than 85 percent, nmuch of the air
woul d be continuous throughout the soil voids and Darcy's |aw would not hold.
When the degree of saturation is greater than 85 percent, nobst of air present
in the soil is in the formof snmall occluded bubbles and Darcy's law will be
approximately valid. The ratio of the perneability of the unsaturated sand to
the saturated sand at the same void ratio is given as (Scott 1963 and Parker
and Thornton 1976)

k“i =1 - m(l - TES)_O) 100 = S 2 80 (2-15)
wher e
us - unsaturated perneability
m = constant with val ues between 2 (uniformgrain size) and

4 (well-graded naterials)
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Figure 2-7. Perneability versus degree of saturation for
various sands (courtesy of John Wley & Sons, Inc.ZOO)
e. Hydraulic Gadient. The hydraulic gradient
H
i=1 (2-16)

wher e

head | oss

T
1

—
1

| ength over which head | oss occurs
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at which perneability is neasured can have a significant influence on the
coefficient of perneability conputed from Darcy's law under certain condi-
tions. The maxinum hydraulic gradient for which lamnar flow occurs for a
particular soil at a given density nmay be determined in the |aboratory by
plotting the discharge velocity

= 2-17
v o= (2-17)
versus the hydraulic gradient as shown in figure 2-8. A straight line
relationship indicates lamnar flow
v
k=5 (2-18)

whil e deviations fromthe straight line at high gradients indicate turbul ent

flow Darcy's law for a fine sand, as shown in figure 2-8, is valid only for
the hydraulic gradient less than 2 for the |oose state and 4.5 for the dense
state. For soils larger than a fine sand, Darcy's law is valid for progres-

sively smaller hydraulic gradients (Burmster 1948 and Burmister 1955).

f. Particle Size. For cohesive soils, the perneability increases with
increases in clay mneral size and increase in void ratio (ratio of the volune
of voids to the volune of solid particles in the soil mass) as shown in

figure 2-9 (Yong and Warkentin 1966).") For cohesionless soils, the size and
shape of the soil particles influence the permeability. Alan Hazan conducted
tests on filter sands for use in waterworks and found that for uniform |oose
clean sands the perneability was given by (Taylor 1948)

k = 100 Df (2-19)

0

where
k - coefficient of perneability in cm per second

D,o = particle size in cmat which 10 percent of the material is finer
by weight (also known as Hazen's effective size)

(1)As shown in table 2-2, the exchangeabl e cation present influences the
perneability of clay mnerals at constant void ratio (Scott 1963). The
perneabilities are much snaller when the exchangeabl e cation is sodi um
which is one of the reasons why sodiumnontrorillonite is used to sea
reservoirs.
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Figure 2-8. Determination of maximm hydraulic gradient for
whi ch laminar flow occurs for a fine sand (courtesy of
147)

Hazen's experinents were made on sands for which 0.1 nm< Dy, < 0.3 nm and the
uniformty coefficient, C, <5, where

American Society for Testing and Materials

60
C, =5 (2-20)
u D10
wher e
C, = unifornity coefficient
D¢o = Particle size at which 60 percent of the material is finer by

wei ght
The coefficient 100 is an average of many val ues which ranged from 41 to 146,
but rmost of the values were from 81 to 117. Equation 2-19 nakes no all owance
for variations in shape of the soil particles or void ratio.
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h. Perneability versus void ratio for various

clay minerals

Figure 2-9. Influence of particle size and void ratio on

perneabi ity of clay minerals (courtesy of I\/ch'llan294)
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Table 2-2. Coefficients of Perneability for Different Exchange
Cations and Void Ratios for Two Clay M neral s®

Coefficient of

Clay Exchangeable Void Permeability
Mineral Cation Ratio ‘ cm/sec
Montmorillonite Na 15 8 x 10:3
3 1.5 x 10_8
K 11 5 x 10_9
7 8 x 10_5
Ca 8 1 x 10_7
4 1 x 10__6
H 9 2 x 10_5
3 1 x 10
Kaolinite Na 1.6-0.5 1.5 x 10:2 to 8 x 10:;
K 1.6-1.1 3 x 10_5 to 9 x 10 -6
Ca 1.6-1.3 1 x 10_5 to 1.5 x 10_6
H 1.4-1.0 1 x 10 to 1.5 x 10

Perneabilities are obtained by falling-head test on sanples in consolidation
apparatus. Results indicate the follow ng

For nontnorillonite at void ratio 8 the order of perneability in terns of
the exchangeable ion present is

K < Na < H < Ca
for kaolinite at void ratio 1.5 the order is
Na < K < Ca < H

For conpacted soils it is also observed that the perneability is much | ower

(x 10" to 10% in soils conpacted slightly wet of optimumthan in soils
compacted dry of optimum it is thought that this occurs because of the
paral l el arrangenent of clay platelets in the wetter material after
conpact i on.

Courtesy of Addi son-Wesl ey Publishing Conpany, Inc.251.
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g. Particle Shape and Surface Roughness. Cohesionless soil particles
have different particle shapes and surface roughness dependent on the distance
they have been transported by flowing water from the place of original ero-
sion. As shown in table 2-3, the neasured perneability is several orders of
magni tude lower for angular sand particles with rough surfaces than for
rounded sand particles with snoboth surfaces (Burmster 1948). For uniform
cohesionl ess soils, crushing of particles during compaction with resulting
decrease in perneability 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 particles during conpaction |eads to an increase in the
amount of silt-sized particles (smaller than No. 200 sieve or 0.074 nm which
results in lower perneability. For this and other reasons (cementation in
|imestones and arching due to particle angularity) crushed rock is generally
not used for filters in earth dans. Also, table 2-3 conpares the neasured
perneability with the perneability conputed from equation 2-19 devel oped by
Hazen for uniform |oose clean sands. The agreenent between neasured and
computed perneability is within one order of magnitude for uniform sands and
gl ass spheres. Therefore, Hazen's equation should be used only for uniform
sands (sphericity and roundness > 0.90). The sphericity and roundness may be
estimated for sands using figure 2-10 (Krumbein and Sloss 1951).

h. Void Ratio. The perneability increases as the void ratio increases.

(2-21)

<|<<

0

wher e

void ratio

e

V, vol une of solids

There are considerable |aboratory test data, shown in figure 2-11, which
indicate that a plot of void ratio versus log of coefficient of perneability
is frequently a straight line (Lanbe and Whitnman 1969).

i. Amount and Type of Fines Present. The perneability of sands and
gravels varies significantly with the amunt and type of fines (nmaterial
smal ler than the No. 200 sieve) (Barber and Sawyer 1952; Fenn 1966; Younger
and Lim 1972; Strohm Nettles, and Cal houn 1967; Nettles and Cal houn 1967, and
Loudon 1952). As shown in figure 2-12a, the addition of 2.5 percent, by dry
weight, silt fines to concrete sand results in an order of nagnitude decrease
in permeability (Barber and Sawyer 1952). The addition of 6.5 percent silt
fines to concrete sand decreases the perneability two orders of magnitude
Simlar results are obtained by the addition of somewhat |arger anounts of clay
and linestone fines to concrete sand. As shown in figure 2-12b, the addition
of 2.0 percent silt fines to a sand-gravel mxture results in an order of
magni t ude decrease in perneability (Barber and Sawyer 1952). The addition of
4.2 percent silt fines to sand-gravel mxture decreases the perneability
two orders of magnitude. Similar results are obtained by the addition of
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Table

2-3.

Influence of Particle Shape and Surface Roughness on Permeability of Sand

1)

Coefficient of Permeability

Relative
Surface C(Z) C(3) Void Density cm/sec A
Type of Material Roughness Sphericity Roundness “u c Ratio percent Measured Computed-Hazen
Crushed Sudeten granite Very rough 0.68 0.10 3.09 1.54 0.543 79 5.00 x 10_5 1.21 x 10_2
Nysd Klodzkd River sand Very rough 0.75 0.15 5.47 2.20 0.451 79 5.19 x 107° 5.63 x 1073
Odra River sand Rough to smooth  0.84 0.55  2.58 0.87 0.595 58  9.41 x 107%  1.44 x 1072
Odra River sand Rough to smooth 0.87 0.65 2.42 0.83 0.608 63 5.44 x 1073 .44 x 1072
Baltic Beach sand Smooth 0.87 0.85  1.91 0.89 0.720 38 1.83 x 1073 1.32 x 10™2
Glass spheres Very smooth 1.00 1.00 1.38 0.92 0.691 67 6.45 x 107> 6.40 x 1073

(D

(2)
Deo
Cu”r.
Do
(3) 2

4 « - 100 D,

Courtesy of British Geotechnical Soc:l.ety“‘6
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Figure 2-10. Krunbein and Sl oss standard chart for
visual estimation of sphericity and roundness of
cohesionl ess soils (courtesy of W H Freeman

and Conpany 198)

somewhat smaller amounts of clay and larger amounts of |inestone, respec-
tively, to a sand-gravel nmixture. As shown in figure 2-12c, the addition of
about 1 percent calciumnontnorillonite fines to a uniformfine sand results
in an order of magnitude decrease in perneability, while over 10 percent
kaolinite fines would be required for a simlar reduction in perneability
(Fenn 1966).

j. Summary of Factors Influencing Perneability. The significant
influence that various factors exert on the perneability enphasizes the

importance of duplicating field conditions when deternmning perneability in
the |aboratory.

2-5. Indirect Methods for Deternining Perneability.

a. Hazen's Equati on. For uniform | oose clean sands, classified SP in
the Unified Soil Cassification System (U S. Arny Engineer Waterways Experi -
nment Station 1960), the perneability nmay be estimated fromthe previously
given Hazen's equation (Taylor 1948)

~ 2 (2-22)
k = 100 D],

where k is in cm per second and D is in cm
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5. BEACH SAND 14. SAND—PLUM ISLAND  23. SODIUM—BOSTON BLUE CLAY
6. COMPACTED BOSTON BLUE CLAY 15. SAND—FORT PECK 24. CALCIUM KAOLINITE
7. VICKSBURG BUCKSHOT CLAY 16. SILT—BOSTON 25. SODIUM MONTMORILLONITE
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201

Relationship between void ratio and log of permeability (courtesy of Wiley

)

98 das 0¢g

TO6T -C¢-0TTT N3



EM 1110-2-1901
30 Sep 86

COEFFICIENT OF PERMEABILITY, cm/sec

COEFFICIENT OF PERMEABILITY, CM/SEC

a.

104

>~
=4
2
@
<
w
. 3
—_— 1 3
w
a
z
9
LIMESTONE b
N §
a
\ \.CLAY a
o S
2
smr——\ E]
P
_— _— N — — a
N . =
~ ~. 5
~ N 0 o
~ ™ £
o -
—_—— — e e —— 3
0 3 6 9 12 15

FINES, PERCENT

Effect of fines on pernea-
bility of concrete sand
(from Barber and Sawyer'®)

\n
—
~. ——KAOLINITE
-0
S—

—~—
CALICUM MONTMORILLONITE -

ORDERS OF MAGNITUDE DECREASE IN PERMEABILITY

FINES, PERCENT
Effect of fines on pernea-
bility of uniform fine sand
(from Fenn'™)

I nfluence of
sand- gr avel

Figure 2-12.
of concrete sand,
(prepared by VES)

COEFFICIENT OF PERMEABILITY, cm/sec

2-22

type and anount
m xt ure,

ORDERS OF MAGNITUDE DECREASE {N PREMEABILITY

] 3 8 9 12 15
FINES, PERCENT
Ef fect of fines on pernea-
bility of sand-gravel mxture

(from Barber and Sawyer™’)

of fines on perneability
and uniform fine sand



EM 1110-2-1901
30 Sep 86

b. Masch and Denny Method. For uniform or nonuniform dense clean sands
classified SP or SWin the Unified Soil Classification System (U S. Arny
Engi neer Waterways Experiment Station 1960), the perneability may be estimated
from an enpirical nethod devel oped by Masch and Denny 1966, and Denny 1965
The gradation curve is plotted in Krunbein 4 wunits (Krunmbein and Pettijohn
1938) (using the chart in figure 2-13) as shown in figure 2-14 where

1og10d
¢ = -1og2d = - m = -3.322 loglo d (2-23)
10
wher e
¢ = phi scale units used to describe grain size distribution
d = grain size diameter in mm

The inclusive standard deviation is used as a neasure of the spread of the
gradati on curve where (Masch and Denny 1966)

_ 16 84 5 - "95
o1 = Y (2-24)
wher e
op = inclusive standard deviation
d,g = grain size in ¢ units at which 16 percent is finer

dg, = grain size in ¢ units at which 84 percent is finer

o
a
1

grain size in ¢ units at which 5 percent is finer

grain size in ¢ units at which 95 percent is finer

o
©
a

1
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Figure 2-14. Masch and Denny relationship for perneability
as a function of median grain size and inclusive standard

deviation (courtesy of Prentice-Hall'")
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The nedian grain size, dg, in ¢ units, is determned fromthe gradation

curve as shown in figure 2-14a. Then knowing o. and ds, , the coefficient

I
of perneability in cm per minute can be obtained from figure 2-14b (Freeze and
Cherry 1979).

¢c. Kozeny-Carman Equation. For uniform |oose to dense clean sands
classified SP in the Unified Soil Cassification System (U S. Arny Engi neer
Wat erways Experinent Station 1960), the perneability may be estimted using
the Kozeny-Carman equation (Loudon 1952 and Perloff and Baron 1976)

(2- 25)

t|€-<

S

O N+
n N

wher e
k = coefficient of perneability
y.. = unit weight of fluid
e = void ratio
C. = shape factor corresponding to a particular flow channel
T, = tortuosity factor related to the degree of sinuous flow
sg = specific surface (surface area of solids/volume of solids)
u = coefficient of viscosity of fluid

For sands and silt-sized (finer than 0.074 nm and coarser than 0.005 nm
particles CT,” = 5 is a good approxi mation (Perloff and Baron 1976). The
specific surface nay be obtained from (Loudon 1952)

S, = A(X;S; + X,5, + ... + X 5) (2-26)
wher e
s ¢ = specific surface

A= angularity factor

X, = percentage of total soil sanple between adjacent sieves expressed
as a deci mal
s, = specific surface of spheres uniformy distributed in size between

the mesh sizes of adjacent sieves
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The angularity factor, A, which varies from1.0 for glass spheres to 1.8 for
crushed glass, may be determ ned by m croscopi ¢ exam nation of the soil or
estimated from table 2-4 (Loudon 1952). The specific surface of spheres,

S , between the mesh sizes d, and d, is (Loudon 1952)
5, = — (2-27)
vd_d
Xy

Specific surfaces of spheres lying between selected U S. standard sieves is
given in table 2-5.

d. Correlation of In Situ Horizontal Perneability and Hazen's Effective
G ain Size. For natural fine to nedium relatively uniformsands, classified
SP or SWin the Unified Soil Classification System (U S. Arnmy Engi neer
Wat erways Experiment Station 1960), in the mddle and |ower M ssissippi River
Valley, the in situ horizontal perneability nmay be estimated fromthe Hazen's
effective size as shown in figure 2-15 (U S. Arny Engi neer \aterways Experi -
ment Station 1956a). The relationship given in figure 2-15 should not be used
outside the geographic area for which it was developed. A sinmilar relationship
between transmi ssivity and nedian grain size of sands is available for the
Arkansas River Valley (Bedinger 1961).

Table 2-4. Angularity Factor for Soil Gai ns(a)

Type of Material Descri ption Angul arity Factor
d ass sphere Vell rounded 1.0
Nat ural_ sand Rounded 1.1

Subr ounded 1.2

Subangul ar 1.3

Angul ar 1.4
Crushed rock Quartzite 1.5
Crushed rock Basal t 1.6
Crushed gl ass Pyr ex 1.8

() Courtesy of the Institution of Civil Engi neering210
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Table 2-5. Specific Surface of Spheres Lying Between
Selected U S. Standard Sieve Sizes (a)
U S. Standard Sieve Specific Surface(b)
Nunber s 1/cm
4 to 6 382
6 to 8 538
8 to 10 696
10 to 16 985
16 to 20 1524
20 to 30 2178
30 to 40 3080
40 to 50 4318
50 to 70 6089
70 to 100 8574
100 to 140 12199
140 to 200 17400

(3) prepared by WES.

e. Conputation of Perneability from Consolidation Test. The coeffi-
cient of perneability of nornally consolidated clays and silts can be conputed
from the consolidation test using the relationship (Lanbe 1951 and O son and
Dani el 1979)

VaVYW
k = T T o (2-28)
o]
wher e
cy = coefficient of consolidation
a, = coefficient of conpressibility
g, = initial void ratio

2-6. Laboratory Methods for Determining Perneability.

a. General. Laboratory tests described in EM 1110-2-1906 can be used
to determne the coefficient of perneability of a soil, Unless otherw se
required, the coefficient of perneability shall be deternined using deaired
distilled water and conpletely saturated soil specinmens. The apparatus used
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Figure 2-15. Relationship between in situ horizontal

perneability and effective size (prepared by WEslzo)

for perneability testing may vary dependi ng upon whether the sanple is fine-
grained or coarse-grained, undisturbed, renolded, or conpacted, and saturated
or unsaturated. The perneability of renolded coarse-grained soils is deter-
mned in perneameter cylinders, While the permeability of undisturbed coarse-
grained soils in a vertical direction can be determnined using the sanpling
tube as a perneaneter. Sanples which have becone segregated or contam nated
with drilling mud during sanpling operations will not give reliable results.
The perneability of renol ded coarse-grained soils is generally used to
approxi mate the permeability of undisturbed coarse-grained soils in a hori-
zontal direction. Usually the laboratory perneability of renplded coarse-
grained soils is considerably less than the horizontal perneability of the
coarse-grained soil in the field, so the approximation may not be conserva-
tive. Pressure cylinders and consolidoneters are used for fine-grained soils
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in the remolded or undisturbed state. Fine-grained soils can be tested with
the specimen oriented to obtain the perneability in either the vertical or
hori zontal direction.

bh. Possible Errors. There are several possible errors in determning
perneability in the laboratory (FM 1110-2-1906; O son and Daniel 1979
and Mtchell, Quzikowski, and Villet 1978).

(1) Use of sanples that are not representative of actual field condi-
tions. This can be ninimzed by thorough field investigation, attention to
details (take undisturbed sanples fromtest fills for deternmination of perne-
ability of enmbankment materials, sampling along faults, fissures, clay seans,
and sand partings for determnation of pernmeability of the dam foundation),
and by the use of |arge sanples.

(2) Orientation of the in situ stratumto the direction of seepage flow
is seldom duplicated in the laboratory. This can be overcome by obtaining the
permeability of the soil (enmbanknment material and/or foundation) in both the
vertical and horizontal direction.

(3) Incorrect hydraulic gradient used in the laboratory test. The
hydraulic gradient used in the laboratory should cover the range of expected
hydraulic gradient in situ. \Were possible the hydraulic gradient should be
selected so that the flow is lamnar (straight line relationship between dis-
charge versus hydraulic gradient) and Darcy's law will be applicable. It is
usually not practical to achieve lamnar flow for coarser soils, and the
| aboratory test should be run at the hydraulic gradient anticipated in the
field.

(4) Air dissolved in the water. As water enters the specinen, snal
quantities of air dissolved in the water will tend to collect as fine bubbles
at the soil-water interface and reduce the perneability with increasing tine.
Perneability tests on saturated specinens should show no significant decrease
in pernmeability with tine if properly deaired distilled water is used. How
ever, if such a decrease in perneability occurs, then a prefilter, consisting
of a layer of the same material as the test specinmen, should be used between
the deaired distilled water reservoir and the test specinen to renove the air
remaining in solution

(5) Leakage al ong the sides of the perneaneter can result in an
increased perneability. One ngjor advantage of the triaxial conpression
chanber for perneability tests is that the specinmen is confined by a flexible
menbrane which is pressed tightly against the specinen by the chanber pressure
thus reducing the possibility for |eakage along the sides.

2-7. Oigin, Qccurrence, and Mvenent of Gound Water.

a. Hydrologic Cycle. Precipitation, runoff, storage, and evaporation
of the earth's water follow an unending sequence called the hydraulic cycle,
as shown in figure 2-16. Radiation from the sun evaporates water from the
oceans into the atnosphere. The noisture is condensed and rises to form cloud
formations. From these clouds, the earth receives precipitation of rain,
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¢ Rain cloud )

Precipitation
Evaporation while falling
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Figure 2-16. Schematic diagram of the hydrologic cycle

(courtesy of Johnson Division, Universal Ol Productslsg)

snow, sleet, or hail which runs into |akes and streans or seeps into the soi
and thence into the underlying rock formations. The percolating water moves
through the saturated subsurface materials and may reappear at the surface, at
a lower elevation than the level where it entered the ground, in the form of
springs and seeps which maintain the flow of streams in dry periods (TM 5-545

Bureau of Reclamation 1977; and Johnson Division, Universal O Products
1972).

b. Water Table. The surface bel ow which the soil or rock is saturated
is the water table, as shown in figure 2-17. The water table is not a leve
surface but varies in shape and sl ope depending upon the variations in perme-
ability and areas of recharge and discharge. In general, the water table
reflects the surface topography but with less relief. Gound water is said to
be perched if it is separated fromthe main water table by unsaturated nate-
rials, as shown in figure 2-17. An aquifer is a saturated perneable geol ogic
unit that can transnit significant quantities of water under ordinary hydrau-
lic gradients. An unconfined aquifer is one that does not have a confining
| ayer overlying it as shown in figure 2-17. The water table, or upper surface
of the saturated ground water is in direct contact with the atnosphere through
the open pores of the overlying material and novenment of the ground water is in
direct response to gravity. The aquifer may be a layer of gravel or sand
per meabl e sedi mentary rocks such as sandstones or |inestones, a rubbly zone
between lava flows, or even a large body of nassive rock, such as fractured
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granite, which has sizable openings. An aquiclude is a saturated geol ogic
unit that is incapable of transmitting significant quantities of water under
ordinary hydraulic gradients as shown in figure 2-17. A confined or artesian
aqui fer has an overlying confining |layer of |lower perneability than the aqui-
fer and has only an indirect or distant connection with the atnmosphere as.
shown in figure 2-17. The water in the artesian aquifer is under pressure and
if the aquifer is penetrated by a tightly cased well or a piezonmeter, the
water will rise above the bottomof the confining layer to an el evation at
which it is in balance with atnospheric pressure. If this elevation is
greater than that of the land surface at the well, artesian water will flow
fromthe well as shown in figure 2-17. The inmaginary surface, conformng to
the elevations to which water will rise in wells penetrating an artesian
aquifer, is the piezometric surface as shown in figure 2-17 (Soil Conservation
Service 1978, TM 5-545, Bureau of Reclamation 1977, Freeze and Cherry 1979

and Anonynous 1980).

2-8. Field Methods for Determining Perneability.

a. General. In sands it is difficult to obtain undisturbed soi
sanples for laboratory testing and the structure (void ratio, stratification,
etc.) has an inportant influence on-perneability. Therefore, field tests for
deternmning perneability are necessary. Because sanpling operations do not
necessarily indicate the relative perviousness of foundations containing |arge
amounts of gravelly materials, field punping tests are required to deternine
the foundation perneability for dams where positive nmeasures are not proposed
to completely cut off underseepage in the gravelly formations.

h. Test Pits and Bore Hole Tests.. In sands and gravel s above the
ground-water level, field tests are normally carried out by neasuring the down-
ward seepage fromtest pits or shallow borehol es (Cedergren 1977). Bel ow the
ground-water table information about the order of magnitude and variability of
the coefficient of perneability nmay be obtained by conducting falling head

perneability tests in the exploratory boring as drilling proceeds. The hole
is cased fromthe ground surface to the top of the zone to be tested and
extends without support for a suitable depth below the casing. |f the per-

vious stratumis not too thick, the uncased hole is extended throughout the
full thickness, otherwi se the uncased hole penetrates only a part of the
pervious stratum \Water is added to raise the water level in the casing and
then the water level descends toward its equilibrium position. The elevation
of the water level is nmeasured as a function of time and the coefficient of
perneability is calculated (Terzaghi and Peck 1967).

Ah
1 A At

k =.E r'h' (2-29)
om

wher e

k = coefficient of perneability
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A = inside cross-sectional area of casing
Ah = drop in water level in casing during time interval At

At = tine interval

C = dinensionless quantity depending on shape of cylindrical hole and
depth of penetration into pervious zone (see figure 2-18)

r' = nean radius of hole bel ow casing

hl;l = mean distance during tinme interval At fromwater level in casing
to equilibrium water level in pervious zone

The falling head field perneability test often gives an observed perneability
that is too |ow because silt particles which are suspended in the water nay
forma filter skin over the walls and bottom of the hole in the pervious nate-
rial. The results of such tests are little nore than an indication of the
order of magnitude of the in situ perneability. Mre reliable data are
obtained from field punping tests.

¢c. Field Punping Tests. The nost reliable nmethod for determning in
situ perneability is a field punping test on a test well which fully pene-
trates the aquifer. The test procedures for equilibrium (steady-state flow)
and nonequilibrium (transient flow) are given in Appendix IIl to TM 5-818-5
and Civil Wrks Engineer Letter 63-16 (U S. Arny Corps of Engineers 1963).
The ratio of the horizontal to vertical perneability can be determned from
specially conducted field pumping tests (Mansur and Dietrich 1965).

2-9. Chemical Conposition of Gound Water and River (or Reservoir) Wter.

a. Gound Water. The chenical conposition of the ground water is inpor-
tant because some ground waters are highly corrosive to netal screens, pipes,
and punps, or may contain dissolved mnerals or carbonates which form incrus-
tations in wells or filters and, with tinme, cause clogging and reduced effi-
ciency of the dewatering or drainage system Indications of corrosive and
incrusting waters are given in table 2-6 (TM 5-818-5; and Johnson Division,
Universal O Products 1972). Ceneral information concerning ground-water
properties is available in an Atlas (Pettyjohn et al. 1979). Sanpling, sanple
preservation, and chemcal analysis of ground water is covered in handbooks
(Moser and Hui bregtse 1976, and Environnmental Protection Agency 1976).

b. River (or Reservoir) Water. The total anpunt of cations (calcium
magnesi um potassium and sodiun) in the river water (for danms not yet con-
structed) and in the reservoir water (for existing dams) significantly influ-
ences the erosion through a possible crack in the core of the dam (Perry 1975).
Usually, as the total anount of cations in the eroding water decreases, the
erodibility of the soil increases. For dans constructed of dispersive clay,
the susceptibility of the dam to piping depends, in part, upon the total anount
of cations in the seepage water (Perry 1979).
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Tabl e 2-6.

I ndicators of Corrosive and Incrusting V\aters(a)

I ndi cators of Corrosive Water

I ndicators of Incrusting \Water

1. ApHless than 7 a pH greater than 7
2. Dissolved oxygen in excess of Total iron (Fe) in. excess of
2 ppr(”) 2 ppm
3. Hydrogen sulfide (HS) in excess of Total manganese (M) in excess of
1 ppm detected by a rotten egg 1 ppmin conjunction with a high
odor pH and the presence of oxygen
4, Total dissolved solids in excess of Total carbonate hardness in
1000 ppmindicates an ability to excess of 300 ppm
conduct electric current great
enough to cause serious electro-
lytic corrosion
5. Carbon dioxide (CO,) in excess of
50 pm
6. Chlorides (CL) in excess of 500 ppm
(8 From T™ 5-818- 5%
(b) m 1 1ion.

ppm = parts per

2- 36
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CHAPTER 3
DETERM NATI ON OF PERMEABI LI TY OF ROCK
3-1. Perneabilities of Rock Masses. Perneability of rock, as with soil, is a

neasure of the ease-with which fluids may travel through a nedi um under the
influence of a driving force. The term "perneability," however, has severa
definitions for describing the flow of water in rock nmsses.

a. Coefficient of Perneability. The engineer's coefficient, or Darcy's
coefficient, is normally referred to as sinply the "coefficient of perneabil-
ity." It is defined as the discharge velocity through a unit area under a
unit hydraulic gradient and is dependent upon the properties of the nmedium as
well as the viscosity and density of the fluid (Section 2-3.a.).

b. Intrinsic Perneability. The physicist's coefficient, or the intrin-
sic perneability, is occasionally used in the determination of the hydraulic
conductivity of a rock mass. It is defined as the volume of a fluid of unit

viscosity passing through a unit cross section of a nediumin unit time under
the action of a unit pressure gradient (Section 2-3.b.). The intrinsic perne-
ability thus varies with the porosity of the medium and is independent of both
the viscosity and the density of the fluid.

c. Equivalent Perneability. The conplex system of interconnected void
space in a rock mass may be described in terms of an equival ent porous con-
tinuum and the flow assunmed to occur uniformy throughout the nass rather
than within individual passageways. Under these assunptions the term equiva-
lent pernmeability is used to describe the permeability of a rock mass.

\

d. Parallel Plate Perneability. The perneability of a fissure or a
fissure set is occasionally determ ned by nodeling the rock mass conditions
with parallel plates. The parallel plate perneability can be conputed from
the value of the aperture between the plates (Ziegler 1976) and this perne-
ability provides inferences for use in the nodeled rock mass. The accuracy of
conputed parallel plate pernmeabilities has been verified consistently with
| aboratory tests (Snow 1965).

e. Fissure Perneability. Fissure permability is the perneability of
an individual fissure or a set of fissures and, whether neasured in the
| aboratory or in the field, is deternmined using the parallel plate perneability
theory. Fissure permeability is determ ned using an equival ent parallel plate
aperture, rather than the actual fissure aperture. This in effect incor-
porates roughness into the parallel plate |aw

3-2. Flow Characteristics in Rock Masses. The determ nation of the perne-
ability of a rock mass, whether it be a rock slope, dam foundation, or dam
abutment, can only be acconplished after certain criteria are defined or
specified

a. Continuum Approximations. From an overall regional point of view,
nost rock masses may be treated as continua, for all practical purposes. One
of the primary considerations in selecting the continuum approach,-for eval u-
ating the perneability of a rock mass, is the relative size, frequency, and
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orientation of the inherent discontinuities in the rock mass, conpared with

the size of the area of interest or area under study. If the flow charac-
teristics of a rock mass are to be treated as those of continua, the net vari-
ation in flow over the study area should be relatively small, and the frequency
and orientation of the discontinuities should be such that they provide an
overal | averaging effect on the flow with respect to the area of interest.

bh. Discontinuum Approximations. As areas of investigation becone

smaller and smaller, i.e. nore specific, the inherent discontinuities in rock
masses start to play larger and larger roles in the interpretation of ground-
water flow and its path of novenent. The perneabilities or relative perne-
abilities of individual fissures and fissure systems are inportant for esti-
mating the amount of seepage into various sections of underground excavations
such as powerhouse tunnels or diversions, or through specific strata in a dam
foundation or abutnment. Discontinuum approxinations of permeability are nor-
mal |y used when the flow in the area of investigation is governed either by a
single fissure or by a fissure system

(1) Single Fissure Flow The perneability of single fissures can be
very inportant in karstic terrains, basalt, or rhyolite flows, or in areas
where tunnels are driven through faulted zones. The flow through a single
fissure, under certain geologic conditions, can be the key to estimating the
seepage through a dam foundation or abutment, or for deternmining the best
route for a proposed tunnel

(2) Flow Through Fissure Systems. Fissure systenms such as joints
fractures, and bedding planes can yield, or contribute to, unpredictable flow
paths, seepage patterns, and uplift pressures. The perneability of fissure
systens should be evaluated by a discontinuum nethod of analysis when the
size, frequency, and orientation of such systens make a continuum approach to
the area under investigation unrealistic.

¢c. Gound-water Velocity. Flow of water in rock masses is generally
considered to be governed by one of two laws. Under conditions of [|aninar
flow, Darcy's law, previously presented as equation 2-1 in Chapter 2 is assuned
to govern the flow. For turbulent flow conditions in rock there is a nonlinear
flow velocity versus hydraulic gradient relationship and equations presented by
Forchhei ner (1914) and M ssbach (1937) are assumed to govern the flow.  The
M ssbach law is the nost convenient to analyze and it takes either of
two forns,

or
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wher e
m and o = degrees of nonlinearity

k" and B = turbulent coefficients of perneability

Since the two equations are identical, resolving themindicates that m= %

and k' = B'I/u . The use of the above | aws, however, is usually restricted
to a honpbgeneous, isotropic, porous continuum Since in soil and rock masses
there are conpl ex systens of interconnected void spaces, an equival ent rather
than an absolute permeability should be determined. The coefficient of equiv-
alent perneability fromthe continuum approach assunmes that flow occurs uni-
formy throughout the mass rather than within individual passageways. There-
fore, for equivalent perneability, Darcy's law and Mssbach's law are witten
respectively,

v = kei (3-3)
and
m = ts
v kel (3-4)
wher e
ke, = lam nar equival ent pernmeability

k; = turbulent equivalent perneability

The continuum approach, in some cases, is not applicable and therefore, the
di sconti nuum net hod of analysis for evaluating an equival ent perneability
shoul d be used. Fornulae for the discontinuum anal ysis for equival ent
perneability are presented later with various other methods of analysis.

3-3. Methods for Determning Rock Mass Perneability. Numerous nethods have
been devel oped for determning or estimating rock mass perneabilities. Al of
the available testing, as well as analytical techniques should be considered
and evaluated for each individual study, in order to optimize the advantages
and nminimze the disadvantages inherent within each method for deternining the
perneability of a rock mass.

a. Laboratory Perneability Tests. Laboratory perneability tests are
used for evaluating the permeability of rock cores or sanples, deternining the
flow characteristics of rock fissures, and performng parametric studies of
the factors affecting the perneability of rock masses. Laboratory test
net hods for perneability provide a convenient research and eval uation too
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because a variety of paraneters may be controlled and varied to yield a broad
spectrum of conditions which nmay be encountered in a rock nass.

(1) Model Tests. Model tests are conducted by constructing paralle
plate nodels to sinulate given geologic information. The tests generally tend
to be a parametric evaluation, but have been used extensively in evaluating
both theoretical and enpirical rock nmass perneability fornulae. To nodel fis-
sures as equival ent parallel plate conductors, the flow between paralle
pl ates must be defined (Snow 1965 and W/ son and Wtherspoon 1970). Lami nar
flow of an inconpressible viscous fluid between smoth, parallel plates can be
expressed as

v =g 4 (3-5)

wher e
Y, © unit weight of water
W, = dynanmic viscosity of water
d = aperture between smooth parallel plates

The volune flow rate per unit width, q , becones
—— d71 (3-6)

Conparison of the flow velocity equation with Darcy's law indicates that the
parallel plate perneability, k, , can be expressed by

v=ki (3-7)

de
w

wherekp=m— .
w
(2) Individual Fissure Tests. The mpjority of the laboratory tests
whi ch have been conducted, to date, have been on individual fissures. Tests
on individual fissures are perhaps the nost flexible of the |aboratory tests
for rock mass perneability. The tests are generally conducted at various flow
rates within the individual fissure and at various normal |oads to sinulate
the in situ effective stress flow conditions. The data are used to develop

3-4



EM 1110-2-1901
30 Sep 86

correlations for predicting the perneability under the anticipated in situ
stress and hydraulic gradient conditions. The permeability neasured from

i ndi vidual fissures provides direct input into discontinuum analyses and may
be applied to continuum anal yses under certain conditions. Before fissure
permeability, k; , can be determned, however, the fissure roughness nust be

incorporated into the equation for the parallel plate perneability, k, . To

accommodat e the roughness, the aperture between smooth, parallel plates, d ,
is replaced with an equivalent parallel plate aperture, e . Thus, the fissure
permeability is expressed by

v =k.,1i (3-8)

wher e kj = ywe2/12uw . Thus, it follows that the flow rate per unit wdth
becones

- e’ 1 (3-9)

The value of e can be determined fromflow experinments by rearranging the
above equation to the form

(12%‘1)1/3 (3-10)
e = 3-10
Ywi

Values for e are determined from laboratory tests on individual fissures,
and equations for the |amnar equival ent perneability have been devel oped
yi el di ng

Y (Cavg)
k = 3-11
e 1211w (bavg) ( )

wher e
e = average of individual values of e for fissures in the set under
avg  consideration
b = average of the individual spacing between fissures

avg
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Tests of individual fissures can also be analyzed for turbulent flow according
to the M ssbhach |aw

v = k!i (3-12)
J

where the volume flow rate per unit width can be expressed as

q" = kJ'.emi (3-13)

The turbulent coefficient of perneability thus given by

m
k! = 3— (3-14)
] m,
e 1
The degree of nonlinearity, m, is determned as the arithmetic slope of
log i versus log q (Ziegler 1976). For turbulent flow analysis the
equival ent parallel plate aperture, e , is estimated from analysis of the

linear portion of the q versus i curve given by

(3-15)

(3) Representative Sanple Tests. Another |aboratory approach to
measuring perneability is to test a representative sample from a rock nass.
The obvious difficulty with such tests, however, is the problem of obtaining a
representative specimen of reasonable dinensions. The tests may be conducted
as standard |aboratory perneability tests, but on a larger scale. In addition
to the standard perneability tests, small-scale pressure injection tests may be
conducted on such specinens, but only a limted anmbunt of success should be
expect ed.

(4) Evaluation of Methods of Analysis. Mdel tests, as well as the
testing of representative sanples, have only limted application and the
results are frequently subject to nuch speculation. Measured fissure pernme-
ability and conputed equivalent perneability can be directly applied to dis-

continuum and continuum anal yses, respectively. In general, laboratory tests
are normally representative of only a very small portion of the rock nmss under
consi der ati on. In addition, the results of such tests can be altered

significantly by either the control or the interpretation of the paraneters
involved in the test. Laboratory tests, therefore, should be used as a sup-
plenent to, rather than in lieu of, field tests.
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b. Interpretation from CGeologic Properties. Theoretical and enpirica
formul ae have been devel oped which relate perneability to geol ogic properties.
The paranmeters generally required for interpretation, or conputation, are the
average fissure aperture, the average surface roughness of the fissures, and
the average fissure spacing or nunber of fissures per given length. The
governing assunption for any interpretation by this method is that the rock
nmass perneability is controlled by fissures and that the fissures may be
model ed as equivalent parallel plate conductors. Extensive borehole |ogging
or observation and mapping of exposed surfaces is required for determning the
parameters to be used in the analysis.

(1) Analytical Procedures. If no laboratory tests are perforned to
determne an equivalent parallel plate aperture, an equivalent permeability can
be estimated solely from field data. The requirenents are core sanples for
determ ni ng surface roughness of fissures and borehole logging to determne the
fissure apertures and spacing. To evaluate the surface roughness of fissures
Louis (1969) defined a surface roughness index, S, as

=2 ;
s =12 (3-16)

wher e

mean height of the asperities on the fissure walls

y

a = mean fissure aperture

For S < 0.033 equations for |am nar equivalent perneability have been devel -
oped which yield

3
Y a
w av,
kK = ——— (3-17)
e 12uw (bavg)
where a = average of the individual values of a . For S > 0.033 equa-

avg
tions for the |am nar equival ent perneability have been devel oped which yield

3
k = Yw 1 (?avg)
e = 17y 1.5\ /b (3-18)
w <} + 8.8 S ’ ) ( avg)
avg

where S = average of the individual values of S . The above equations

av
gener at ed %y Louis (1969) are enpirical and are the result of nunerous pipe
flow experiments and separate tests of fissures with different roughness,
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model ed as openings between parallel slabs of concrete. In addition to |amnar
flow fornul ae, equations may be developed for turbulent flow for both the
hydraulically smooth and the conpletely rough flow regines.

(2) Evaluation of Method of Analysis. Conparisons of perneability
interpreted from geologic properties with perneability measured by other
met hods have indicated the potential for large differences between the com
puted and the actual perneability. Interpretations of perneability from fis-
sure properties are made difficult by obvious problems in measuring fissure
apertures and roughness.' Natural fissures can have complex surficial geom
etries and can only be observed in boreholes or exposed surfaces, which may be
disturbed during excavation. Potentially large discrepancies are possible, due
to the possibility of many fissures near the borehole being either exaggerated,
constricted, or discontinuous, due to the disturbance during drilling. Wile
interpretation of perneability from geologic properties is theoretically pos-
sible, the results should be used with caution.

c. Field Measurenents. By far the nobst accurate and nost reliable
technique for determning the perneability of a rock mass is that of field
testing. The use of field tests results in larger volunes of the rock nass
being tested and the tests are perforned under in situ conditions. Field
tests have generally been linmted to ground-water velocity measurenments, punp-
ing tests, and injection tests

(1) Ground-water Velocity Measurenents. The equivalent perneability can
be conputed for a rock mass by neasuring the ground-water velocity and the
hydraul i c gradient when certain criteria are nmet. It nmust be assumed that
steady-state horizontal flow intersects the well and flow is governed by
Darcy's law. There are several techniques available for measuring ground-water
velocity downhol e as discussed bel ow.

(a) Tenperature Probes. The velocity of ground water noving through a
borehole may be determined with the use of tenperature probes or sensors. Such
devices consist of a small heater strip or coil mounted beneath a thernistor.
The amount of heat dissipated is a function of the ground-water velocity, and
properly calibrated, the devices can sense very |low velocities (below
1 ft/mn). The directional conponents of flow may be obtained by rotation of
the device or by the construction of orthogonal flow channels within the device
itself.

(b) Flowneters. \When conditions of high ground-water flow rates are
encountered, snmall horizontally mounted commercial flowneters nmay be placed
downhol e for measuring the velocity. The direction of flow may be determ ned
by varying the orientation of the flowreter

(c) Tracer Tests. Tracer tests involve the injection of an inert solu-
tion, or tracer, into an existing flow field via a borehole or well. Tracer
tests are often desirable because they are passive-type tests and do not place
unnatural stress conditions on the flow system The dilution rate of the
tracer at the injection well or its time of travel to another well can be used
to calculate the ground-water velocity and ultimately the perneability. Detec-
tion of the tracer, or concentration neasurenents, can be made by either
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manual or probe sanpling. Cenerally, the probe nethod of sanpling is desirable
to avoid any disturbance to the flow system due to sanple extraction. The
“travel time" tracer tests normally involve large portions of the rock mass,

and thus have the advantage of averaging the effects of exceptionally high- or

| ow-perneability zones within the mass. The dilution nmethod of testing is
particularly applicable to determining perneability profiles within a single
borehole by injection of the tracer into borehole sections isolated by packers.
Commonly used tracers are radioisotopes, salt solution, and fluorescent dyes.

(d) Methods of Analysis. Downhole ground-water velocity neasurenent
devi ces such as a tenperature probe or flowreters neasure the Darcy velocity or
di scharge according to his original equation, expressed as

v =k 1 (3-19)

or

v o= ki (3-20)

Wth the hydraulic gradient determ ned fromobservation wells in the area, the
perneability can be conputed directly. For tracer tests the seepage velocity
is determned according to the equation

dw
v, = (3-21)
r
wher e
dy = distance between injection well and observation well
t, = tracer travel tinme between wells
Using the relationship
v=vn (3-22)
vn==%ki1 (3-23)
] e
v.n dw n
e TTT TR 1 (3-24)
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In analyzing a tracer dilution test, the flow velocity, v, is related to the
rate at which the tracer concentration dimnishes within the test section of
the injection well. For an assumed honpbgeneous isotropic porous nedium the

velocity is determined fromthe followi ng equation given by Lewis, Kriz, and
Burgy (1966).

mw, &n (C))
=4  r ]
v = 8td (3-25)

wher e
wy = well dianmeter
C, = ratio of the final to the initial tracer concentration
ty = dilution time period

Analysis of dilution tests in fractured and fissured rock nasses is nade by
applying the parallel plate anal ogy.

(2) Punping Tests. Punping tests have beconme an established nmeans of
determining the perneability of hydraulic characteristics of water bearing
materi al s. In a punping test, water is punped froma well normally at a
constant rate over a certain time period, and the drawdown of the water table
or piezonmetric head is measured in the well and in piezoneters or observation
wells in the vicinity. Since punping tests, as with tracer tests, involve
| arge volunes of the rock mass, they have the advantage of averaging the
effects of the inherent discontinuities, such as joints, fissures, fractures,
etc. Mst classical solutions for punp test data are based on the assunptions
that the aquifers are honpgeneous and isotropic, and that the flow is governed
by Darcy's law. Applications of such solutions to interpretation of punping
tests in rock masses have resulted in varying degrees of success. For cases
where the normal solutions have proven to be unsuccessful or inadequate
mat henat i cal nodel s have been devel oped which are capabl e of nodeling the flow
regime in various types of rock masses. Wth punping tests, the mmjor dis-
advantage is the period of time required to performa test. Test durations of
one week or longer are not unusual when attenpting to approach steady-state
flow conditions. Additionally, large dianeter boreholes or wells are required
since the mpjority of the conditions encountered require the use of a downhole
punp.  The analysis of punping test results obtained from rock nasses is
general ly conpletely anal ogous to the analyses used in classical soi
mechanics.  Since such analyses are well-documented, they will not be pre-
sented here

(3) Injection Tests. Injection tests, which are the reciprocal of
punping tests, comonly involve the steady-state transmission of a fluid from a
borehole into the surrounding nmedium The perneability of a rock nass can be
related to the relationship between the injection pressure and the flow rate
Equations and techniques have been devel oped for both the steady-state and the
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unst eady-state conditions and for using either air or water for injection
Met hods of analysis of pressure injection tests are presented in Appendix C.

(a) Water Pressure Tests. Water pressure tests, also known as packer
tests (in Europe they are called Lugeon tests) are normally conducted by
punping water at a constant pressure into a test section of a borehole and
measuring the flow rate. Borehole test sections are commonly sealed off by
one to four packers, with the use of one or two packers being the nobst widely
used technique. In conmparison with a punping test, a water pressure test
affects a relatively small volunme of the surrounding medium because frictiona
losses in the immediate vicinity of the test section are normally extrenely
large. The test, however, is rapid and sinple to conduct, and by performng
tests within intervals along the entire length of a borehole, a perneability
profile can be obtained. Additionally, the water pressure test is normally
conducted in NX boreholes, and has the advantage of being conducted above or
bel ow the ground-water table.

(b) Air Pressure Tests. Air pressure tests are simlar to water pres-
sure tests except that air rather than water is used for the testing fluid.
The air pressure test was developed for testing above the ground-water table
and has predoninantly been used for testing areas of high perneability such as
those characteristic of rubblelike, fallback material adjacent to explosively
excavated craters in rock. In such areas, water pressure tests have been
i nadequate due to an inability to provide water at a flow rate high enough to
pressurize the surrounding nedia. Ar pressure tests have an unlinited supply
of testing fluid, as well as the advantage of a wi de variety of high capacity
air conpressors. The disadvantage of such tests is that perneability equations
nmust be nodified for application to a conpressible fluid and a conversion from
the air perneability to a water perneability nmust be made to obtain usable
resul ts.

(c) Pressure Holding Tests. Pressure holding or pressure drop tests are
usual ly conducted in conjunction with water pressure tests. The test is
anal ogous to the falling head test used in soil mechanics; however, in rock
the test section is normally pressurized to a value above that of the static
head of water between the test zone and the ground surface. The pressures are
normal |y nmeasured in the test section with a transducer, and pressures versus
time are recorded. The pressure holding test offers the advantage of being
quick and sinple to perform as well as requiring significantly less water
than that used in conventional constant pressure tests.

3-4. Applications of Rock Mass Perneability.

a. Assessnment of Ground-water Moyvenents. The perneability of a danis
foundation or abutnents is one of the controlling factors in the novenent of
ground water; therefore,. a valid assessnent is inperative. The rock mass
perneability of the dam foundation or abutnent has nunerous applications, each
having potentially significant inpact on the design or safety of the
structure.

(1) Seepage Patterns. Seepage patterns which are expected to devel op
after inpoundment of a reservoir should be evaluated during the design phase of
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a dam  Seepage patterns which do actually develop after a reservoir is in
operation provide valuable data for an evaluation of the as-built performnce
of any cutoff or relief nmeasures, sources and exits of seepage, and input for
planning required remedial neasures, such as additional cutoffs, drains, etc.
In rock nmasses, generally, the overall trend of the seepage patterns can be
determined by the continuum approach; however, in some cases, a detailed
analysis of a specific seepage problem requires the use of a discontinuum
appr oach.

(2) Flow Rates. Gven the perneability and gradient, the flow rate
across a given area can be conputed. Wth the effective porosity, the rate of
advance of a seepage front can be determned. Gound-water flow rates are
required for determning construction dewatering requirenents for both surface
and subsurface excavations, as well as the seepage |osses through dam founda-
tions and abutnents.

b. Foundation and Abutment Drainage Requirenents. The perneability of
a dam's foundation and abutments is the major factor involved in evaluating
drainage requirenents. Accurate and reliable rock mass perneability measure-
ments are required in the design phase for deternmning the necessity for, and
extent of, cutoff, vertical drains, drainage blankets, relief wells, etc.
Post construction problems with |eakage, excessive uplift pressures, etc., also
require an in-depth evaluation of the flow of the water in a foundation or
abut nent . Eval uations of drainage or relief requirements are generally
directed toward specific areas and, in nmpst cases, while a continuum approach
can give satisfactory approximtions, the discontinuum analysis is required
for describing the flow characteristics in details.

¢c. Gouting Requirenents and Effectiveness. Consistent wth determning
the drainage requirenents for a structure, the perneability is also useful for
estimating the grouting requirements. In the design phase of a damthe
requirenents for cutoff or grouting, and drainage or relief, conplinment each
other and are balanced to obtain a desired seepage pattern and uplift pressure
distribution beneath or within the structure. In foundations, and particularly
in abutnents, perneability measurements can indicate possible solution chan-
nels, faults, fissures, or other highly permeable zones which require grout-
ing. |If perneability tests are conducted at a given location, both before and
after a grouting operation, an evaluation of the grouting effectiveness can be
made. Such tests should be conducted as a matter of routine since they will
either establish a confidence level or indicate the need for additional
grouting.

d. General Considerations. The application of rock mass perneability
to seepage control methods and eval uations has becone increasingly useful as
more conplex nethods of analysis evolve.

(1) Index Tests. The determnation of rock nass perneability for dam
foundations and abutments has historically been used nore as an index test
than as an absolute test. As the state of the art advances this trend is
gradual ly changing. Wile index tests are a valuable tool to the experienced
foundati on engineer, nore conplex nethods of analysis are becoming available
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which allow a conpl ete eval uation of the nechanisns involved as water flows
through a fractured or fissured rock nass.

(2) Continuum Anal yses. The accuracy of continuum approxi mations of
perneability is dependent upon the geology and the size of the area under
consi deration. In general, continuum analyses provide average perneabilities
or regional perneabilities in which the assunptions of isotropy and honpgene-
ity can be used in a gross sense. Froma practical point of view the continuum
approach has been and continues to be a useful tool for evaluating rock mass
perneability.

(3) Discontinuum Anal yses. Recently the discontinuum approach to
determning perneability has become nore and nore promsing. As techniques for
determning individual fissure perneabilities advance, the availability of
better nodeling techniques increases, and understanding of the influences of
orientation, spacing, apertures, and surficial geometries of fissures and fis-
sure sets increase, the discontinuum approach to determ ning rock mass permne-
ability becones nore reliable.
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CHAPTER 4
SEEPAGE PRI NCI PLES

4-1. Ceneral Considerations. Seepage as used in this manual is defined as
the flow of water through honpgeneous saturated soil under steady-state condi-
tions. Additionally, the soil particles, soil structure, and water are
assuned incompressible and flow obeys Darcy's law. Thus transient conditions
such as a wetting front or other novenent of water in unsaturated soil, con-
solidation, and subsidence are not considered for analysis. Principles which
characterize nmoverment of energy through conducting nedia also apply to the
movenent of water through soils. Seepage has been npdeled for study by using
flow of electricity and heat. Both conditions are governed by Laplace's equa-
tion in honbgeneous nedia. As explained in Chapter 2, water noves froma

hi gher energy state to a |lower energy state, and in seepage the difference in
energy states is the anmount of energy required to nmove the water through the

soil, i.e., to overcome the soil's resistance to the flow of water. Chapter 4
will consider factors controlling seepage, equations describing seepage,

net hods of determining pressure distribution and pressures at particular points
in the soil, and seepage quantities. For exanple, in figure 4-1(a): What is

the uplift pressure at point 5?2 How much water will exit at point 8? How
fast? WIIl the sand at point 8 be eroded? |If the sheet pile at point 6 is
removed, how will it affect pressure distribution beneath the danf?

4-2. Boundary Conditions.

a. Basis. The saturated soil which is considered for analysis nust be
defined by boundaries, perneability of the soil, and heads inposed upon the
water. This section considers the types of boundaries which may define a
particular porous soil mass considered for analysis. The nature and |ocation
of these boundaries are deternmined by a soils exploration program assunptions
based on engineering judgment and conditions inposed by the proposed design.
Normal Iy, sinplifying assunptions are required in order to establish boundaries
which will make analysis feasible. Generally, seepage analysis problens
associated with dans will involve four possible types of boundaries (Harr
1962). Exanples of the four general types of boundary conditions are shown in
figure 4-1.

h. Inpervious Boundaries. The interface between the saturated, per-
vious soil mass and adjacent materials such as a very |ow perneability soil or
concrete is approximated as an inpervious boundary. It is assuned that no flow
takes place across this interface, thus flow in the pervious soil next to the
i npervious boundary is parallel to that boundary. In figure 4-1, lines AB and
1-8 are inpervious boundaries.

¢c. Entrances and Exits. The lines defining the area where water enters
or leaves the pervious soil mass are known as entrances or exits, respec-
tively. Along these lines (Ol and 8-Gin figure 4-1(a) and AD and BE in
figure 4-1(b)) are lines of equal potential; that is, the piezonetric level is
the same all along the line regardless of its orientation or shape. Flowis
perpendicular to an entrance or exit. Entrances and exits are also called
reservoir boundaries (Harr 1962).
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IMPERVIOUS 2
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Figure 4-1. Exanples of boundary conditions (courtesy of
McG aw Hi | | Book Conpany 180)

d. Surface of Seepage. The saturated pervious soil mass may have a
boundary exposed to the atnpsphere and allow water to escape along this
boundary, line GE, figure 4-1(b). Pressure along this surface is atnospheric.
The surface of seepage may also be called a seepage face

e. Line of Seepage. Known also as the free surface, this boundary is
| ocated within the pervious soil where water is at atnospheric pressure
line DG figure 4-1(b). Because of capillary forces, the saturated zone of
pervious soil extends slightly above the |ine of seepage, but this capillary
zone rarely has significant influence on seepage analysis. \Wereas the first
two boundaries are normally defined by the geometric boundaries of the satu-
rated porous soil nmss, the line of seepage is not known until the flow dis-
tribution within the pervious soil is known. Again, as for an inpervious
boundary, the assunption is made that no flow takes place across the |ine of
seepage, thus flowin the pervious soil next to this boundary is parallel to
t he boundary.

4-3. Confined and Unconfined Flow Problens. Two general cases of seepage are
considered in this manual: confined and unconfined flow  Confined flow
exists in a saturated pervious soil mass which does not have a |ine of seepage
boundary. Figure 4-1(a) is an exanple of confined flow.  Unconfined flow,
figure 4-1(b), exists when the pervious soil nass has a |line of seepage. Thus
confined flow has all boundaries defined while for unconfined flow the surface
of seepage and line of seepage nust be defined in the analysis.
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4-4, Laplace's Equation.

a. Seepage Analysis. In order to do a seepage analysis, a genera
model describing the phenomena of seepage nust be available. Supplied wth
specific boundary conditions and soil properties, this nmodel can be used to
determne head and flow distribution and seepage quantities. The Lapl ace
equation is the mathematical basis for several npdels or methods used in

seepage anal ysis.

b. Basis of Laplace's Equation. Figure 4-2 shows a general seepage
condition from which an element is taken. Devel opment of Laplace's equation

depends on six assunptions:

(1) Heads h1 and h2 are constant and thus flow is steady state

(2) Water is inconpressible.

(3) Volume of voids does not change--soil is inconpressible.

(4) Flow is lamnar--Darcy's |aw applies.

(5) The elenent has a dinension, dy , into the plane of the figure
whi ch gives an el ement volurme but no flow takes place perpendicular to the
plane of the figure, i.e., the flow is two-dinmensional

(6) The saturated pervious soil stratum is honpbgeneous. From
figure 4-2(b) let

ViV, = conponents of discharge velocity in x and 2z directions,
respectively

iX = - %% hydraulic gradient in the x direction
dh . . . . .
iz ==z hydraulic gradient in the z direction

(The minus sign indicates that gradient is in a direction opposite increasing
pi ezonetric head.) Assunptions 1, 2, and 3 assure continuity of flow which
means that water entering the element per unit of tine, gq. (where g. = v,

dz dy + v, dx dy) equals water leaving the elenment per unit of tine, q,

v ov
_ X z -
(where q = v, dz dy + e + dx dz dy + v, dx dy + T dz dx dy). Setting

q, equal to q, gives:
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Bvx avz
-—a—}zdxdz dy+—-§Edz dx dy = 0
or
Bvx sz
x 3z 0 (4-1)

Using Darcy's law, v = ki and assuming the same perneability in the x and
z directions:

9
V=ki=k‘a'h
X X X
d
v, =ki = -k go
X z z

kh is called a potential or velocity potential and is normally given the
symbol ¢ . Thus

® = kh
and
R Ak ]
Vs T T % Yz T T &g
Substituting into equation 4-1 gives
o’ 3% _ v
a2 852 (4-2)

which is a formof the Laplace equation for |amnar, two-dinensional flowin
homogeneous, isotropic, porous nedia. The devel opment here follows Terzaghi
1943. Rigorous devel opnents can be found in Bear 1972, Cedergren 1977, and
Harr 1962
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b. Element of soil

Figure 4-2. Flow of water through saturated pervious soi
beneath a hydraulic structure (courtesy of John Wley and

Sons?™)

4-5.  Methods for Solution of Laplace's Equation. Solutions to steady-state

| aminar flow, seepage problens must solve Laplace's equation. Several nethods
have been developed to solve exactly or approximately Laplace's equation for
vari ous cases of seepage, figure 4-3 (Radhakrishnan 1978). One of the nopst

wi dely used methods, the flow net, can be adapted to many of the underseepage
and through-seepage problens found in danms and other projects involving
hydraulic structures. This nmethod will be covered in detail in Section 4.6.

a. Models. Models which scale or sinmulate the flow of water in porous
nedi a can provide a good feel for what is occurring during seepage and allow a
physical feel for the reaction of the flow systemto changes in head, design
geonetry, and other assunptions. Appendix B contains exanples of the various
model types.

(1) As previously nentioned, processes which involve novenent of energy
due to differences in energy potential operate by the sane principles as
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FLOW NETS

a.

MODELS

ELECTRICAL ANALOGY

{1) WET-AQUEQUS
SOLUTION OR
GEL
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(2) DRY 2-D

b. SAND

C.

2-D OR 3-D

VISCOUS FLOW
2-D

ANALYTICAL METHODS
a. MAPPING OR
TRANSFORMATION

b. SEMiI EMPIRICAL

- METHOD OF
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NUMERICAL AND
COMPUTER METHODS

a. FINITE DIFFERENCES
(RELAXATION)
1,2,3-DIMENSIONAL

b. FINITE ELEMENT
1,2,3-DIMENSIONAL

Figure 4-3. Seepage analysis methods (from Radhakrishnan66)
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movenment of confined ground water. These processes include electricity and
heat flow which have been used as seepage anal ogies. Electrical anal ogi es have
proven particularly useful in the study of three-dinensional problens and in
probl ens where geometric complexities do not allow adequate sinplifying

assunptions for analytical methods. "Wet" electrical analogies normally use a
conducting aqueous solution or gel to nodel the volume of the confined, satu-
rated, porous soil. Wt nodels are well suited to projects where an irregular

structure penetrates a confined aquifer. By probing the gel or solution when
a set potential or voltage is applied across it, electrical potential can be
determined at various points of interest in the nodel aquifer (MAnear and
Trahan 1972, Banks 1963, 1965). When field conditions can be characterized by
a two-dinmensional plan or section, conducting paper nodels may be used to

i nexpensively deternmine the effect of various configurations on the flow and
pressures in the aquifer, figure 4-4 (Todd 1980).

(2) Sand nodels which may use prototype nmaterials can provide inform-
tion about flow paths and head at particular points in the aquifer. The sand
or porous material nay be placed underwater to provide a honpgeneous condi-
tion, or layers of different sand sizes may be used to study effects of inter-
nal boundaries or layers. |If the flow is unconfined and the same naterial is
used for nodel and prototype, the capillary rise will not be scaled and nust
be compensated for in the nmobdel. Flow can be traced by dye injection and
heads deternmined by small piezoneters. Disadvantages include effects of
| ayering when the porous material is placed, difficulty in nodeling prototype
perneability and boundary effects. Prickett (1975) provides exanples of sand
tank nodels and discusses applications, advantages, and disadvantages.

(3) Viscous flow nodels have been used to study transient flow (e.g.
sudden drawdown) and effects of drains. This nethod depends on the flow of a
viscous fluid such as oil or glycerin between two parallel plates and is nor-
mal |y used to study two-dinensional flow. As with sand nodels, dye can be
used to trace flow lines." Construction is normally conplicated and operation
requires care since tenperature and capillary forces affect the flow  Flow
nmust be laminar, which can be difficult to achieve at the boundaries or at
sharp changes in boundary geonetry.

b. Analytical Methods.

(1) Harr (1962) explains the use of transformations and napping to
transfer the geonetry of a seepage problem from one conplex plane to another.
In this manner, the geonetry of a problem may be taken from a plane where the
solution is unknown to a plane where the solution is known. VWile this nethod
has been used to obtain solutions to general problens it is not frequently
used for solutions to site-specific seepage problems since it requires the use
of conplex variable theory and proper choice of transformation functions.

(2) Pavl ovsky (1936, 1956) devel oped an approxi mate method which all ows
the piecing together of flow net fragments to develop a flow net for the tota
seepage problem This nethod, ternmed the Method of Fragnents, allows rather
conplicated seepage problenms to be resolved by breaking them into parts,
analyzing flow patterns for each, and reassenbling the parts to provide an
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ELECTRODE ~ I J;tELECTRODE
__/ \
N )
CONDUCTING PAPER/ EQUIPOTENTIAL LINES
(a)
ELECTRODE -
FLOW LINES -
A
CONDUCTING PAPER = ™~ ELECTRODE
(b)
Figure 4-4. Use of two-di nensional conducting paper to find flow
l'ines and equipotential lines (courtesy of John Wl ey
and Sons 219)

overall solution. Appendix B contains details of the Methods of Fragnents
based on Harr's (1962) explanation of Pavlovsky's work.

(3) Closed form solutions exist for sinpler seepage conditions such as
flowto a fully penetrating well with a radial source (Miuskat 1946). Seepage

probl ens associated with dans typically require approxi mate sol utions because
of complicated flow conditions.
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¢c. Nunerical and Conputer Methods. Conputer npdels are used to make
acceptabl e approximations for the Laplace equation in conplex flow conditions.
The two primary nethods of numerical solution are finite difference and finite
el ement . Both can be used in one-, two-, or three-dinensional nodeling.
Several conputer programs for these methods are available within the Corps of
Engi neers (Edris and Vanadit-Ellis 1982).

(1) The finite difference nmethod sol ves the Laplace equations by
approximating themwith a set of linear algebraic equations. The flow region
is divided into a discrete rectangular grid with nodal points which are
assigned values of head (known head values along fixed head boundaries or
points, estimated heads for nodal points that do not have initially known head
values). Using Darcy's law and the assunption that the head at a given node
is the average of the surrounding nodes, a set of N linear algebraic equa-
tions with N unknown val ues of head are devel oped (N equal s nunber of
nodes) . Sinple grids with few nodes can be solved by hand. Normally, N is
large and relaxation nethods involving iterations and the use of a conputer
must be applied. Appendix B provides details of this method.

(2) The finite element nethod is a second way of nunerical solution.
This method is also based on grid pattern (not necessarily rectangular) which
divides the flow region into discrete elenents and provides N equations wth
N unknowns. Material properties, such as perneability, are specified for
each element and boundary conditions (heads and flow rates) are set. A system
of equations is solved to conpute heads at nodes and flows in the elenents.
The finite element has several advantages over the finite difference nethod
for nmore conplex seepage problens. These include (Radhakrishnan 1978):

(a) Conplex geometry including sloping |ayers of material can be easily
accommodat ed.

(b) By varying the size of elements, zones where seepage gradients or
velocity are high can be accurately nodel ed.

(c) Pockets of material in a |layer can be nodel ed.

4-6. Gaphical Mthod for Flow Net Construction. Flow nets are one of the
most useful and accepted nmethods for solution of Laplace's equation (Casagrande
1937). If boundary conditions and geonetry of a flow region are known and can
be displayed two dinmensionally, a flow net can provide a strong visual sense
of what is happening (pressures and flow quantities) in the flow region.
Equation 4-2, paragraph 4.4, is an elliptical partial differential equation
whose solution can be represented by sets of orthogonal (intersecting at right
angles) curves. (One set of curves represents flow paths of water through the
porous nedia while curves at right angles to the flow paths show the |ocation
of points within the porous nedia that have the same piezonmetric head. The
former are called flow lines, the latter equipotential lines. The flow net is
a singular solution to a specific seepage condition, i.e., there is only one
famly of curves that will solve the given geonetry and boundary conditions.
This does not nean that a given problem will have only one flow net--we may
choose fromthe famly of curves different sets of curves to define the
problem figure 4-5. The relationship between the nunber of equipotenti al
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drops, N, , and flow channels, N |, does not change. A brief study of

figure 4-5 will provide a feel for where quantity of flow is greatest,
velocity highest, and gradient highest, i.e., in the area of the porous soil
nearest the sheet pile (flow channel 4, figure 4-5(a); flow channel 5,
figure 4-5(b)). This section draws upon several publications which give

-
HEADWATER ¢ HEADWATER o
. SHEET PILE SHEET PILE
Nt = 4 i Nf = 5 -
Ng = 8 Ng = 10
7 TAILWATER g TAILWATER
A A Bil D E
1 10
4\5
3
2 9
AL X8
F (b) G
a. Net drawn for four flow b. Net drawn for five flow
channel s. channel s.
Figure 4-5. Flow net for a sheetpile wall in a perneable foundation

(fromU S. Arny Engineer District, Little Rock®)

detailed explanation of flow net derivation and draw ng instructions
(Casagrande 1937; Cool ey, Harsh, and Lewis 1972; Soil Conservation Service
1973; and Cedergren 1977). (One of the best ways to devel op an understanding of
seepage and flow nets is to study well-drawn flow nets found in these and other
references and to practice drawing them

a. Assunptions for Flow Net Construction. In order to draw a flow net,
several basic properties of the seepage problem nmust be known or assuned:

(1) The geonetry of the porous nmedia nust be known.
(2) The boundary conditions nust be determ ned (see paragraph 4.2).

(3) The assunptions required to devel op Laplace's equation nust hold
(see paragraph 4.4b).

(4) The porous nmedia nust be honpbgeneous and isotropic (anisotropic
conditions are dealt with in paragraph 4.7).
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b. @Quidelines for Flow Net Drawi ng. Once the section of porous nedia
and boundary conditions are determned, the flow net can be drawn follow ng
general guidelines

(1) Deternmine flow conditions at the boundari es:

(a) Floww Il be along and parallel to inperneable boundaries |ines BCD
and FG figure 4-5

(b) Entrances and exits are equipotential lines, lines AB and DE
figure 4-5 with flow perpendicular to them

(c) Floww Il be along and parallel to a line of seepage--line AB
figure 4-6.

12 12 iz 1z 12
Figure 4-6. Seepage through an enbanknent
underlain by an inperneable foundation

(courtesy of John Wley and SonslS&

(d) Entrance and exit conditions for a line of seepage are shown in
figure 4-7 under "Conditions for Point of Discharge."

This will provide a feel for the flow net

(2) Equipotential and flow lines nust neet at right angles and make
curvilinear squares. Usually, it is best to nake either the nunber of flow
channel s a whole nunber (if the nunber of flow channels is a whole number, the
nunber of equipotential drops will likely be fractional)

(3) Cenerally, a crude flow net should first be conpleted and adj ust-
ments applied throughout the net rather than defining one portion since
refinement of a small portion tends to shift the whole net.

(4) The initial enphasis should be on getting intersections of flow
lines and equipotential lines at 90°, then shifting lines to form squares

(5) If, in the finished flow net, either equipotential drops or flow
channels end up as a whole nunmber plus a fractional line of squares (equi-
potential drop or flow channel), this should not be a problem but nust be used
in any calcul ations based on the flow net. It is convenient to locate a par-
tial equipotential drop in an area of uniform squares since this wll nake
accurate estimation of the fraction easier.
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- Seepoge lines- ~>:~j\\
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foce — - -— horizontol,
b7 )f
ITI3ITIYITT TeT42i00047244745700402477 FiNTIrTTTITITITIITTTIYYTIT
Y <30° Y =50 Y>90°*

CONDITIONS TTOR JINT OF ENTRANCE

~Discharge face

Secepoge line fon
te discharge foce.

-7 an, to verticol or
dischorge point

a< 9Q° az=9Q° a>90° a=180°
CONDITIONS FOR POINT OF DISCHARGE

Figure 4-7. Entrance and discharge (exit) conditions for a
line of seepage (courtesy of New England Waterworks

Associ ation *°%)
(6) Use only enough flow |ines and equipotential lines to bring out
flow net definition. If more information is needed in particular areas, the

squares may be subdivided into smaller squares for nore detail of flow and
pressure distribution.

(7) As shown in figure 4-6, equipotential line intersections at a line
of seepage, line AB, and a surface of seepage or discharge face, line BC, are
controlled by elevation since pressure is atnospheric along these |ines.
Along the discharge face BC, the equipotential lines and flow lines do not

form squares since the discharge face is not a flow line or an equipotential
line but a line at atnospheric pressure and changing elevation potential.

(8) Figures 4-7 and 4-8 provide some guidelines for entrances and exits
and particular areas within the flow region.
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For foundations, furthermost upstream and down- \
stream flow lines and equipotential lines should .
intersect at or near the center of the pervious A
foundation. //\
V4 S SS I s 77

The flow line and equipotantial line nearest an
angle should intersect on the bisector of the
angle.

Same as (b) except for an upstream toe on an
impervious foundation.

2:1 length ratios to establish shape of the /
. NN N N N N

“square” in a pervious foundation at the toe of S
an impervious fill. \ i "

2:1 length ratios used with angle bisectors to
shape flow around an imbedded 90-degree angle. \\e

2:1 length ratios to establish flow directions
beneath a thin cutoff wall taken to the midpoint
of the pervious stratum. N 2 -

Subdivide to check odd-shaped "squares”. Re- } T
sulting smaller odd-shaped "squares” should /
have the general shape of the one subdivided. :

~

Figure 4-8. (Quides for flow net construction (from U S. Departnent

of Agricult ure123)
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(9) It is helpful to lay out the boundaries which will contain the flow
net in ink and use a soft pencil and eraser to develop the flow net to fina
form

(10) Accuracy of squares may be checked by draw ng diagonals for a
square or subdividing the square by sketching an additional flow |line and

equi potential line orthogonal to it (ad infinitum. The diagonals should be
snooth curves intersecting at right angles. Also, if the intersection of
two flow lines and two equipotential lines is a square, a circle, tangent to

each of the sides, may be inscribed within the square

(11) For calculation of seepage quantity only a crude flow net is
required. Accurate flow nets are required to deternmine pressure distribution.

4-7. Flow Net for Anisotropic Soil. Mst naturally occurring soils and many
man- pl aced soils have greater horizontal permeabilities than vertical. This
affects the shape of a flow net since the flow net provides a solution to
Lapl ace's equation which is based on the assunption of an isotropic porous
medi a (paragraph 4.4b). To conpensate for anisotropy, the dimensions of the
porous nedia are changed by the square root of the ratio of the two perne-
abilities. If k;, is the horizontal perneability and k, is the vertica
perneability, then the horizontal dinensions of the porous nedia cross section
are changed by a ratio of vk_/ ., €.¢., if the base of a damis 300 feet,
then it would be changed by‘% factor of vk_/k_, or would be 300 feet times
/kv/kh . The sane ratio would be applied fo arl other horizontal dinensions

to produce a transformed section. Next the flow net is drawn on the trans-
fornmed section, as described in paragraph 4-6. Then the section, including the
flow net, is returned to the original (true section) which produces a nonsquare
flow net. Conputations are made using the nonsquare flow net just as a square
flow net is used for isotropic conditions. This procedure is illustrated in
figures 4-9 and 4-10. In the sane manner, dimensions in the vertical direction
could be changed by the factor »/kh/kv , square or normal flow net drawn

on the transfornmed section, then returned to true section. Pore pressure
di stribution and hydrostatic uplift may be taken fromeither section while
gradi ent and magnitude of seepage forces nust be determned fromthe true
section.

4-8. Flow Net for Conposite Sections. Commonly, projects requiring seepage
anal ysis involve different soils with different perneabilities, e.g., strati-
fied foundation materials and zoned danms. Certain rules apply to flow lines

equi potential lines, and lines of seepage crossing internal boundaries between
soils of different permeabilities. Figure 4-11 illustrates the deflection of
flow lines and equipotential lines at interfaces. The essential principle is

that the nore perneable soil allows the same amount of water to flowwith |ess
restriction, thus drops in potential within the higher perneability soil wll
be farther apart (i.e., less energy loss in the higher perneability soil for
the sane length of flow as in the low perneability soil). It should be noted
in figure 4-11 that when flow goes from|ower perneability soil to higher
perneability soil, the distance between flow |ines decreases (flow channel gets
smal ler) and the distance between equipotential drops increases, Figures 4-12
t hrough 4-14 are exanples of flow net construction for seepage through soils of
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c. True section for flow net in a for k,= 9k,
Figure 4-9. Flow nets constructed on transforned section and redrawn on true

section (courtesy of John Wley and Sons155
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Figure 4-12. Flow net construction for a conposite section
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c. Adjust flow net until bal anced.
Figure 4-13. Flow net construction for enbanknent on a foundation of |ower

perneability (courtesy of John Wley and Sons')
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Figure 4-14. Flow net construction for an enbankment on a foundation

of higher pernmeability (courtesy of John Wley and Sons )
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differing perneabilities. In all cases, flow lines and equipotential |ines
maintain continuity across the interface between the soils though direction
wi |l change abruptly. Additionally, the number of flow channels must remain
constant throughout the flow net. For the two exanples of enbanknents with
foundations of differing perneabilities, figures 4-13 and 4-14, the flow is
more or less parallel to the interface, and the nore pernmeable zone will

dom nate flow | ocation and quantity. Because of this, the flow net can be
started by assuming all flow goes through the nost perneable zone. Once this
flow net is drawn, it is extended into the lower perneability zone and refined
to meet the general flow net criteria of paragraph 4.6. Transferring a line of
seepage across the interface of soils of differing perneability, such as in a
zoned dam is nore involved than transferring of flow lines and equipotential
lines and will be described in Chapter 6.

4-9. Deternmination of Seepage Quantities, Escape G adients, Seepage Forces,
and Uplift Pressures. A flow net is a picture of seepage conditions under
given geonetry and boundary conditions. It explains how pressures are dis-
tributed and where flow is being directed. Coupled with the know edge of head
i mposed on and the perneability of the porous nmedia, the flow net can supply
important information about stability and flow quantity in two-dinensional

i dealization of the real situation.

a. Seepage Quantities. Each of the conplete flow channels passes an
equal volume of water per unit of time, while partial channels carry a propor-
tional flow Each of the conplete potential drops between equipotential Iines
is an equal portion of the total head, h , applied across the flow net with
partial drops having a proportionally smaller part. The number of flow chan-
nel's, including any partial channel, is given the synbol N while the nunber

of equipotential drops, including any partial drops, is given the synbol N, .
The ratio of N/N; is called the shape factor, 8, which is a characteristic
of the given geonetry and boundary conditions and perneability ratios (ki/ky,
k,/kp) . Quantity of flow per unit length through the porous media can be
determined by using Darcy's law, g = ki A and the shape factor. Total flow is

the sum of the flows through each flow channel, i.e., q =3aq = Nqu where q
is the total flow and aAqis the flow through each conplete flow channel. In
figure 4-10, q = Nqu = 6.65A0q . Since Ahis the head | oss between each
equi potential line (h = NdAh) and aAgis the dinmension of a flow net square:

and from the Darcy equation:
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where a is the area of the rectangle perpendicular to the flow direction.

If one side of the rectangle is one unit of length perpendicular of the plane
of the flow net, and the other dimension is A% , thus a = A2 (1) . This

| eads to:

Aq = k £2 A% (1) = kah (1)

= k2 (1)
d
Then:
q = Aqu
q=k h N, (1)
Nd f

k$h (1) or kgh

aQ
[

whi ch gives the quantity of seepage flow for each unit of thickness of porous
medi a perpendicular to the plane of the flow net. Figure 4-10(b) gives an
exanmpl e of this calculation for anisotropic seepage conditions in a dam
foundation. The perneability, k' , wused for anisotropic conditions,

b= v’kvkh » is derived by Casagrande (1937).

b. Escape and Critical Gadients. The escape or exit gradient, i, ,
is the rate of dissipation of head per unit of length in the area where
seepage is exiting the porous media. For confined flow, the area of concern is
usual Iy along the uppernost flow line near the flowexit, e.g., at the
downstream edge of a concrete or other inpermeable structure, figure 4-15
Escape gradients for flow through enbankments may al so be studied by choosing
squares fromthe area of interest in the flow net (usually at or near the exit
face and downstream toe) and calculating gradients. If the gradient is too
great where seepage is exiting, soil particles may be renmoved from this area
Thi s phenonenon, called flotation, can cause piping (the renoval of soi
particles by noving water) which can |lead to undermining and | oss of the
structure. The gradient at which flotation of particles begins is termed the
critical gradient, i, . Critical gradient is deternmned by the in-place
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unit weight of the soil and is the gradient at which upward drag forces on the
soil particles equal the submerged weight of the soil particles, figure 4-16
The critical gradient is dependent on the specific gravity and density of the
soil particles and can be defined in terns of specific gravity of solids, G
void ratio, e, and porosity, n :

Y' G (1 -mn)Y_ +ny =Y
S w w W

i =_IE
cr Y Y
w w
= GS(l ~-n)+n-1-= GS (1 -n) - 1 -n)
icr = (Gs - 1) - n)
. —n €
e = 1
or, Ssince T and n=1+e
e
n 1 +e
icr - (Gs - D (Z) =@, - D e
G -1
i =5

cr 1 +e

If typical values of G , e, and n for sand are used in the above

equations, i., wll be approximately 1. Investigators have recomrended
icr

ranges for factor of safety for escape gradient, FSg = 1 from1l.5 and 15,
e

depending on know edge of soil and possible seepage conditions. Generally,
factors of safety in the range of 4-5 (Harr 1962, 1977) or 2.5-3 (Cedergren
1977) have been proposed.

c. Heave. In some cases, movenent of soil at the downstream seepage
exit may not occur as flotation followed by particle-by-particle noverment. A
mass of soil may be lifted initially, followed by piping. This phenomenon is
cal | ed heave and occurs when the upward seepage force due to differential head
equal s the overlying buoyant weight of soil. Heave occurs under conditions of
critical hydraulic gradient. For field conditions, the point at which mninum
differential head offsets the overlying buoyant weight nust be determined by
judgnent and calculations. Terzaghi and Peck (1967) have eval uated the factor
of safety with respect to heave for a row of sheet piles. Resistance to heave
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A/ ’

THUS WHEN | =-:—’_=7-—THE GRADIENT IS CRITICAL (i)
w

Figure 4-16. Definition of critical gradient (prepared by MVES)

may be devel oped by placing very pervious material on the exit face, which will
allow free passage of water but add weight to the exit face and thus add
downward force. This very pervious material nust neet filter criteria to
prevent loss of the underlying soil through the weighting material.

d. Seepage Forces. Forces inposed on soil particles by the drag of
water flow ng between them nust be considered when analyzing the stability of
sl opes, embankments, and structures subject to pressures from earth masses.
These forces are called seepage forces. The magnitude of this force on a nass
of soil is deternmined by the difference in piezonetric head on each side of
the soil mass, the weight of water, and the area perpendicular to flow The
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seepage force acts in the same direction as flow, i.e. along flow lines. Con-
sider the seepage force on plane A-A in figure 4-16. Since flow is vertically
upward, the direction of seepage force is up, the difference in piezonetric

head is h , and the area perpendicular to flowis A . The seepage force,
F,, is the part of the upward forces due to differential head, h , or:

F = hy A

S w

In terns of gradient and unit vol une;

and using fS as seepage force per unit vol une:

F

=52 =
fS =37 iYw

Two net hods of applying this force to use in stability analysis are described
by Cedergren (1977) and terned the gradi ent nmethod and boundary pressure

met hod. EM 1110-2-1902 gives exanples of enbanknent stability anal yses

consi dering seepage forces. Additionally, the effect of buoyant forces on soil
mass stability must also be considered. The upward or buoyant force, F,
causing reduction in effective stress on plane A-A figure 4-15, is the

remai nder of the upward forces on plane A-A

fb = LYWA

e. Uplift Pressures. Wen seepage occurs beneath concrete or other
i mpereabl e structures or strata, the underside of this inperneable barrier is
subject to a force which tends to lift the structure upward. The deternina-
tion of this pressure or force is inportant in analyzing the stability of the
structure. An exanple of the analysis is given in figure 4-15. Sunm ng of
the uplift pressures over the bottom area of the spillway will give the total
uplift force on the structure for a stability analysis. Harr's text (1962)
provi des methods other than flow net construction to deternmine uplift
pressures.
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CHAPTER 5
CONFI NED FLOW PROBLEMS

5-1. General Considerations. As explained in Chapter 4, confined flow exists
when the saturated pervious soil mass does not have a line of seepage boundary.
| npervious weirs or gravity dams on pervious soil or rock are typical projects
whi ch have confined flow conditions. This chapter will consider two of these
cases. While exanples of this chapter use flow nets, other methods for deter-
mning uplift and gradient such as the Method of Fragments may be used.

5-2. CGavity Dam on Pervious Foundation of Finite Depth. Figure 5-1, a copy
of figure 4-15, provides an exanple of an inpervious structure on a pervious
foundation of finite depth with calculation of uplift and escape gradient.
Figure 4-12 illustrates a gravity dam on a conposite pervious foundation of
finite depth and figure 4-10 shows an exanple of an inpervious dam (though not
a gravity dam) on a finite anisotropic foundation. A cross section of a
classical gravity damweir, figure 5-2 indicates the effect of a partially
penetrating cutoff placed beneath the upstream portion of the dam Conparing
figure 4-10(b) with figures 5-1 and 5-2 will show the reduction in gradient at
the downstream toe caused by enbedment of the structure in the pervious

f oundat i on. Embedment provides a |onger upper flow line for a given structure
width and reduces the gradient at the downstream toe of the structure. O her
measures to reduce uplift and/or high gradients at the downstream toe include
cutoffs beneath the downstream portion of the dam and placenent of drains
beneath the downstream portion of the dam

5-3. CGavity Damon Infinitely Deep Pervious Foundations. This case, illus-
trated by figure 5-3, is symetrical (if there are no asymetrical cutoffs or
drains beneath the dam) and at large distances becones a series of half circle
arcs for flow lines and radial lines for equipotential lines. Since the up-
stream (entrance) and downstream (exit) boundaries extend to infinity and the
foundation depth is infinite, the flow quantity is infinite. Coviously the
anal yst nmust decide the limts of the problem and calculate flow quantity
based on those linits. The sane nmanipul ations and effects of enbednent, cut-
off, and drain described for the previous case will apply to this case.
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Figure 5-2. Gavity dam on pervious foundation of finite depth
(courtesy of MGawH Il Book oOnpanylsl)

Figure 5-3. Gavity damon an infinitely deep pervious foundation
(prepared by VES)
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CHAPTER 6
UNCONFI NED FLOW PROBLEMS
6-1. Introduction. This chapter w |l consider unconfined flow problens for

cases involving earth dams. Because of their ability to give a strong visual
sense of flow and pressure distribution, flow nets will be used to define seep-
age. Qher nmethods, such as transformations (Harr 1962), electrical anal ogy
model s, and nurerical nethods, can provide pressures and flows and be used to
develop flow nets. Unconfined flow problens require the solution of flow and
pressure distribution within the porous nedia and definition of the line of
seepage boundary (phreatic surface within the dam.

6-2. Honpgeneous Earth Dam on Inpervious Foundation. The sinplest earth dam
configuration consists of a honmbgeneous, pervious enbankment on an inpervious
foundation. Though rarely encountered in engi neered enbanknents, this case
will introduce general nethods of defining flow in enbanknents.

a. Definition of Unknown Seepage Boundaries and Cal cul ati on of Fl ow per
Unit Length of Enmbanknment, g . It is desired to define the flow and pressure
distribution within the enbankment and total flow through the enbanknent. The
first step is determnation of the upper flow line (which is the line of seep-
age boundary) and the length of the seepage exit face on the downstream sl ope
of the earth dam This provides all necessary boundary conditions for flow
net construction and conplete seepage definition. The two unknown boundari es,
BC and CD, figure 6-1, are a conbination of an entrance condition, fig-
ure 4-7(c), BB;; part of a parabola, B;B,;, a snooth transition between points

of tangency, B,C, and a straight |ine discharge face along the downstream
slope, CD. A parabola, shown by the dashed line, is the basic geometric nenber
used to define the location and extent of the two boundaries. Casagrande
(1937) provided the standard reference for flow through enbanknents while
others (Harr 1962, Cedergren 1977, and others) added to and refined the basic
met hods. Figure 6-2 provides the nomenclature and fornulas for drawing the
line of seepage and exit face and determning the quantity of seepage per unit

| ength of embankment, q . In a given problem enbanknent geonetry and head
water elevation provide values for h , m and o which allow location of
points A and B and determ nation of distance, d , as shown in figure 6-2.

LINE OF
SEEPAGE BOUNDARY

SEEPAGE EXIT
FACE BOUNDARY

, ‘D E
Figure 6-1. Line of seepage, BC, and seepage exit face, CD, for a

honobgeneous earth dam on an inperneabl e foundation (prepared by
VIES)
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y2 - y02
BASIC PARABOLA x =
- o 2y,
v/
A
h
] l o
! X D
Y d
° i | Yo/2
« METHOD EQUATIONS
*) H
<30 SCHAFFERNAK - o 22
| cos & cos? @ sin?
" VAN ITERSON g =k asinQtan &
< 90° : i L. CASAGRANDE T
- ; a=8 -4/857°-
‘ ; ° ° sind g
= | FOR @ <60°, USE 'S, =+/ d2 + h2 . FOR
f | 60° < a < 90°, USE MEASURED §, = AC +CD
‘ ! g=ka sin2 ]
180° { KOZENY ] ¥ .
| lag =2 =T(Va2+h?-d]
|
1
L g = 2ka, = ky,
30° TO 180°- ' A. CASAGRANDE | DETERMINE (a + Aa) AS THE INTERSECTION OF
: } THE BASIC PARABOLA AND DAM SLOPE. THEN
‘ | DETERMINE Aa FROM C VALUE ON FIG. 6-5.
lg=ka sin? a
' OR
|
jq=ky°=k (v d2+hnr2-q)

Figure 6-2. Determination of

line of seepage and seepage exit

face for enbankments on inpervious foundations (adapted from

151

New England Waterworks Association™ ")
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h. After this is done one of the four methods shown in figure 6-2 and
expl ai ned bel ow can be used to deternmine the |ocation of the exit face CD and
the line of seepage BC

(1) o < 30° Schaffernak-Van Iterson. The two fornulas for this method
given in figure 6-2 assune gradient equals dy/dx and allow direct deterni-
nation of a and g . Construction of basic parabola shown in figure 6-3 is
the first step in determning the upper line of seepage (Casagrande 1937).
From enbankment geonetry and headwater height, point A is located. d and vy
are determined by scribing an arc, with radius DA through point E.  Then the
point of vertical tangency of the basic parabola, F, is determined. Line AG
parall el to the enbanknent base and horizontal axis of the parabola, is drawn
and divided into an equal number of segments (6 in the case in figure 6-3).
Line G-, the vertical tangent to the parabola, located at y,/2 fromthe
downstreamtoe of the enmbankment is divided into the same nunber of equa
segnents as line AG The points dividing line AGinto segnents are connected
with point F. The intersection of these lines with their counterpart |ines
drawn from the points on line G- define the parabola. Thus the basic parabol a,
dashed line A-F, is defined. The upstream portion of the line of seepage
dotted line BH, is drawn by starting at point B perpendicular to the upstream

sl ope (since the upstream slope is an equipotential line and the |ine of
seepage is a flow line) and continuing downstreamto nake |ine BH tangent to
the basic parabola at point H which is selected based on judgment. This is an

entrance condition as shown in figure 4-7. The central portion of the l|ine of
seepage is along the basic parabola while the downstream portion is a snooth
transition from the basic parabola to tangency with the downstream slope at
point C  Point Cis located a distance a. fromthe downstreamtoe as
determined by the equation for Schaffernak-Van Iterson shown in figure 6-2
Wth all seepage boundaries known and using the rules of Chapter 4, a flow net
may be constructed within the boundaries as shown in figure 6-4. This figure
points out the inportant basic flow net requirement that all equipotentia
lines intercept the line of seepage and exit face at points with equal verti-
cal separation (in this case H 10 apart)

—a m -

AV, 'G
A 5
4
h / 3
t 2

3 e

v c

- 0

# X D F

ryo j 7 Yo/2

Figure 6-3. Construction of basic parabola (prepared by VES)
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TITIITTIT T
Impervious P
Ky -0 Ay Xy (222 7 hi0~r0_2t,h

ToH s sker eloy

Figure 6-4. Seepage through a perneable
enbankment underlain by an inperneable
foundation (prepared by MVES)

(2)  a < 90° L. Casagrande. The gradient assunption for this method is
i = dy/ds where s is the distance along the line of seepage, and all ows
greater accuracy than Schaffernak-Van Iterson nethod for steeper downstream
slopes. Use of the equations in figure 6-2 and the same general procedures
used for the Schaffernak-Van Iterson nethod apply for o's up to 60°. For
60° <a < 90°, since a and s are interdependent, the location of point C

(or distance a) nust be estimated to deternine the value of s, = AC + CD,
then distance a calculated. This procedure is repeated until there is

satisfactory agreement between theCD portion of the distance s, as neasured

and a as calculated. Thus the seepage boundaries are established allow ng
fl ow net construction.

(3) o = 180° Kozeny. For this special case Kozeny described a solution
adapted by Casagrande (1937). Figure 6-5 illustrates the nomenclature and
construction nethod for this case. Enbanknent geometry, h , and drain |oca-
tion control construction of the basic parabola. For this case the seepage
face is the distance a, and the correction Aa is not used. Again with

boundary definition, the flow net can be drawn.

(4) 30° < @< 180° A Casagrande. After study of nodel experinents

and construction of flow nets for various o's, A Casagrande (1937)

devel oped a curve, figure 6-6, which relates a to the ratio, ¢ = 3 ﬁaAa .

Construction of the basic parabola is the first step in this procedure. The
point, C, , as shown in figure 6-2, where the basic parabola intercepts the

downstream slope is determined and distance a + &a is neasured. Knowing o ,
C can be found in figure 6-6 and 4 «calculated. Information is then suf-
ficient to draw the |line of seepage and discharge face, determne q , and con-
struct the flow net. Casagrande (1937) provides a procedure for the condition
of tailwater on the downstream sl ope:

For the conparatively rare case in which the pres-
ence of tailwater nmust be considered in the design, the
determination of the line of seepage and of the quantity
can be perforned by dividing the dam horizontally at tail-
water level into an upper and |ower section. The line of
seepage is deternmined for the upper section in the sane
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[ and

Yo = 2a

Fi gure 6-5.

Associ ati on

[}

*HORIZONTAL DRAIN

Construction of basic parabola and seepage |ine for
a = 180° Kozeny (courtesy of New England Wat erways

151
)

FOR 90° < a < 180°

04 T T T
L DETERMINE INTERSECTION OF THE BASIC
~o~ . PARABOLA WITH DISCHARGE FACE, AND
~a REDUCE BY Aa USING C VALUE FROM
4\ CHART. | BASIC PARABOLA
0.3 -
y2 -y 2
=2 _Jo
2y,
4
©
|+ 9.2 v°=\/d2+h2-dy—-
©
; 8 ot
&} i o 2
0.1 I
o
-
ot d
S OVEHHIANGING SLOPE
0 1 l
30° 60° 90° 120° 150° 180°
« = SLOPE OF DISCHARGE FACE
NOTE: POINTS WERE FOUND BY GRAPHICAL DETERMINATION OF FLOW NET.
Figure 6-6. ¢ vs o (courtesy of New England

Wat erwor ks Associ ati on

151
)
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manner as if the dividing |line were an inpervious bound-
ary. The seepage through the |ower section is determ ned
by neans of Darcy's law, using the ratio of the difference
in head over the average length of path of percolation as
the hydraulic gradient. The total quantity of seepage is
the sum of the quantities flowi ng through the upper sec-
tion and the |ower section. The results obtained by this
rather crude approximation agree remarkably well with the
val ues obtained from an accurate graphical solution.

Harr (1962) explains an additional nethod, known as Pavlovsky's solution, for
determning a, and q for the case of a hompbgeneous, pervious embankment on

an inpervious foundation. Pavlovsky analyzed the enmbankment by dividing it
into three zones, witing an equation for g 1in each of the zones and, by

assuming continuity of flow, equating the three equations for q . Fig-
ure 6-7 provides the nomenclature for Pavlovsky's solution. The embanknent is
divided as shown with Zone | between the upstream slope and a vertical line at
y
r‘—b-ﬂ

[ T =
L/ TR TS R N e X
I S5 Jl

Figure 6-7. Nomenclature for Pavl ovsky's sol ution

(courtesy of McGawH Il Book Corrpanylso)
the intersection of the crest and upstream slope (y axis), Zone ||l between the
y axis and a vertical line at the intersection of the line of seepage with the
downstream sl ope, and Zone IIl which is conposed of the remainder of the

downstream toe. Pavlovsky assuned horizontal flow in each zone and wote the
basi c equation g = kiA for each zone using the nonenclature of figure 6-7.
The equations for each zone are:

Zone |

— (6-1)
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Zone |1
k[hi - (ao + ho)z]
q;; = , (6-2)
+ -
I1 2b 2[hd (ao + ho)] cot o
Zone |11
for h, > 0
kao a, + ho
11 "ot e |1 TR Ta_ (6-3)
for h, = 0
ka
= 92
9111 cot a (6-4)
It is assuned that a , 8 , b , hy , hy, , hy, and k are known for a
given problem thus since q = q, = q,, = g (continuity of flow steady
state conditions) only ag, , h; , and q are unknown. This analysis pro-

vides three equations, (6-1), (6-2), and (6-3), or (6-4), and three unknowns.
The equations may be solved in a nunber of ways. One nethod for h,= 0 is to

equate (6-1) and (6-4) and solve for a then equate (6-2) and (6-4) and solve
for ag

h

_cot a d
from (6-1) and (6-4) a T orE (hw -.hl) n E;—:—EI (6-5)
b b 2 2
from (6-2) and (6-4) a = =— +hy - f—2—+ hd) - b (6-6)

then a plot of a, versus h; may be made of equations (6-5) and (6-6). The

intersection of the two curves representing (6-5) and (6-6) is the value of ag
and h; for solution. Equation (6-4) will then provide q . An exanple from

Harr (1962) is provided in figure 6-8.
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Exanple: Determine the quantity of seepage, q , a , and h; , using
Pavl ovsky's solution for the dam shown above. Conpare wth
Schaf fernak-Van Iterson and L. Casagrande Method, figure 6-2

A Pavlovsky's solution

For this case: cot o = cot 8 =3 b =20' h, = 80' hw = 70°

ho =0 k = 0.002 ft/min.

d

For assuned values of h; in equations (6-5) and (6-6) the resulting

val ues for

a, are given in the following tabulation and plotted in

t he acconpanyi ng graph

Equati on (6-5) Equati on (6-6)
hl ao hl aO

50 19.6 50 15.9
52.5 18.7 52.5 17.7
55 17. 4 55 19.7
60 13.9 60 24.1
65 8.4 65 29.3

Figure 6-8

i
/71_

Exanpl e probl em of honpgeneous enbankment on

an inpervious foundation conparing solutions (Continued)
(prepared by VES)
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From equation (6-4)
q= 0. 002 ft/r??n 18.3 Tt _ 0.0122 ft% mn per ft of embankment |ength

a = 3a, = 54.9 ft

B. Schaf f ernak-Van |terson sol ution:

since m= 3(70 ft) = 210 ft
d = 0.3(210 ft) + 3(10 ft) + 20 ft + 3(80 ft) = 353 ft
hw= 70 ft
o353 £ \/ (353 2 (70 £6)>
cos 18726 cos? 18°12' . sin® 18°26'
a =73 ft
q = (0.002 ft/min)(73 ft)(sin 18°26')(tan 18°26")
qg = 0.015 ft%mn per ft of enbankment |ength

C. L. Casagrande solution:

s =\[(353 ft)2 + (70 ft)2 = 360 ft

l 2
360 ft -‘jﬂsso fey2 - (70 f£)

°T sin’ 18°26'

a= 76 ft

q = (0.002 ft/nmin)(76 ft sin® 18°26")

g = 0.015 ft¥nin per ft of embankment |ength

Figure 6-8 (Concluded)
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6-3. Earth Dam with Horizontal Drain on |npervious Foundation. Figure 6-5
presents this case for a honogeneous enmbankment. However, since nost earth
danms are built in horizontal layers, they very likely have a stratified
structure which may allow considerable flow to bypass the horizontal drain,
figure 6-9. The difference in vertical and horizontal structure also causes
differences in horizontal and vertical permeabilities. This can strongly
affect the location of the upper line of seepage, figure 6-10, which affects
stability considerations and nethods of controlling seepage

'PATHS OF LOWER FLOW
RESISTANCE DUE TO
INADEQUATE CONTACT
BETWEEN LIFTS, MORE
PERMEABLE BORROW IN
PARTICULAR LIFTS, ETC.

T

Figure 6-9. Schematic of effect of earth dam stratification on flow of
wat er through embanknent with horizontal drain (prepared by VES)

6-4. Earth Dam with Toe Drain on Inpervious Foundation. Toe drains are
another method of controlling the line of seepage, figure 6-11. Again the
effects of anisotropy must be considered, figure 6-12. The geometry of the
enbanknment and the toe drain, height of reservoir, and the degree of anisotropy
will control the location of the line of seepage

6-5. Earth Dam with Vertical or near Vertical Horizontal Drains on |npervious
Foundation. One very effective nethod of intercepting horizontal flows due to
stratification of the enbankment, figure 6-9, is the incorporation of an
inclined or vertical drain into the central portion of the enbankment, fig-
ure 6-13. This seepage analysis of a zoned, anisotropic enbankment assumed
the rockfill to have infinite permeability with respect to the core materials
and used the method recommended by A Casagrande for drawing the parabola to
determne the upper line of seepage. The interface of the core and inclined
drain is used as the downstream slope for the seepage face since the drain has

a nuch higher perneability than the core material. Provision nust be nmade in
sizing the drain to pass all the water comng out of the core without building
up a tailwater on the downstream slope of the core. It can be noted that the

designers of this exanple used m3 instead of 0.3mto determine the intercep-
tion point of the parabola and headwater elevation and the fornula

yO
1 - cos o
a + Aa . The geonetry of the enbanknent and toe drain, height of reservoir,
and the degree of anisotropy will control the location of the line of seepage

a+ ha = whi ch can be derived trigononetrically, to deternine

6-6. Flow Net for a Conposite Zoned Dam |If differences in perneabilities
bet ween zones in a zoned dam are great enough (e.g. 100 to 1000 tines or nore)
the nore pernmeable zone may be considered to have infinite perneability rela-
tive to the less perneable zone for purposes of seepage analysis. In the
seepage analysis exanple of figure 6-13 the upstream rockfill and the inclined

6- 10
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Note: Flow net is for isotropic
case (kh - kv) Phreatic line for kp, = k,

Partial flow channel Phreatic line for ky, = 16k,

(transposed back from transformed section)

53
'/7/////7////7/////k/////7////7//[-"""‘
~0

=7

\Drain

Figure 6-10. Effect of difference in horizontal
(ani sotropy) on location of

horizontal drain (after

and vertical perneability
line of seepage within an enbankment with a

U S. Department of Agriculture'®)

FILTER SAND
GRAVEL OR ROCK

(SO
Fi AR :
NN N7 T
Figure 6-11. Honogeneous enbanknent on inpervious foundation with a

toe drain (from EM 1110-2-1913")

160! -

Figure 6-12. Effect of anisotropy for honpgeneous enbankment
on inpervious foundation with a toe drain (courtesy of New

Engl and Waterworks Association 151)
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- ROCK FILL
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Ku ™ 4K, TRANSFORMATION FACTOR - | = :E: =05

"
TRANFORMED SECTION HORIZONTAL DIMENSION = 0.

o~

TRUE SECTION HORIZONTAL DIMENSION

DETERMINATION OF PHREATIC LINE

POOL OF SPILLWAY CREST EL 937, TAHLWATER EL BO0B', MAXIMUM NET HEAD = 131!
ASSUMING THE EMBANKMENT RESTS ON IMPERVIOUS FOUNDATION. AS IN THE CASE
OF THE LEFT ABUTMENT, THE POSITION OF THE PHREATIC LINE IS DETERMINED AFTER
A. CASAGRANDE. THE ABOVE ASSUMPTION PERTAINS TO THE DETERMINATION OF
THE PHREATIC LINE ONLY WHICH LEADS TO MORE CONSERVATIVE DESIGN.

A ﬂ’ L= '(lSEvSG)E'(Kﬂ.UUi! -156.96 = 47.48"

+ = —_— A = = =§3°-26" =
182 = ——rme— . TAN G = 2,u=2, a=63°-26", COS a = 0.447
_ 4748 da
%32 = g - 8586 - = 0.32 (AFTER A. CASAGRANDE)

Az < 0.32x 85.86 = 27 48'

Figure 6-13.

) MAX TAILWATER £L 8363

TOP OF ROCK
AND NORMAL
TAILWATER EL 8060
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13/18 H
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s INCLINED
12718 H \DRAIN
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SN\ 1O/ 18 H
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e/18 H
W 7

|
|
}s—CURTAIN GROUTING
I

TRUE SECTION

, 78
U. S. Army Engineer District, Baltimore )

EMBANKMENT SEEPAGE
FOR NON-ISOTROPIC SOIL THE EFFECT(VE COEFFICIENT OF PERMEABILITY

K'= KKy, SINCE THE EMBANKMENT IMPERVIOUS FIL L MATERIAL 1S

NON (SOTROPIC, K= i, K,, = fl0.4x10°6) (1.6x1075) CM/SEC

K- YOB& x 108 CM/SEC = 0.8x10°6 CM'SEC OR 26.25x10°%F T/SEC

SEEPAGE QUANTITY, q.FOOT, % KH :%x 26.25x10°9H = 11.48x10-%H FTY/SEC
WHEN H = 131 FT, g/FOOT - 11.48x10-%x 131 = 15.04 x 10" ? FT3/SEC

Seepage analysis for Kettle Creek earth embankment, Kettle Creek, Pa. (from
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TRANFORMED SECTION HORIZONTAL DIMENSION = 0.5 TRUE SECTION HORIZONTAL DIMENSION K'= KyKy, SINCE THE EMBANKMENT IMPERVIOUS FiLL MATERIAL IS
NON ISOTROPIC, K = KKy, = V(0.4x1078) (1.6x10°6) CM/SEC
DETERMINATION OF PHREATIC LINE .
= V04 - - -6 -9
POOL OF SPILLWAY CREST EL 9371, TAILWATER EL 806", MAXIMUM NET HEAD = 131} K'=v0.64 x 10°° CM/SEC °~8"‘9N CM/SEC OR 26.25x10"°FT/SEC
ASSUMING THE EMBANKMENT RESTS ON IMPERVIOUS FOUNDATION, AS IN THE CASE SEEPAGE QUANTITY, q/FOOT, - KH-= 7 x 26.25x10-%H = 11.48x10-9H FT3/SEC
OF THE LEFT ABUTMENT, THE POSITION OF THE PHREATIC LINE iS DETERMINED AFTER No 16.
A. CASAGRANDE, THE ABOVE ASSUMPTION PERTAINS TO THE DETERMINATION OF WHEN H = 131 FT, o/FOOT = 11.48x10-%x 131 = 15.04 x 10~7 FT3/SEC
THE PHREATIC LINE ONLY WHICH LEADS TO MORE CONSERVATIVE DESIGN.
Y, = \ﬁ$+d2-d = (156.96)2+(131.00)2 -156.96 = 47.48"
-° = = =63°-26' =
a+Aa T-co5a TAN a = 2, a=2, a=63"-26', COS a = 0.447
47.48 Aa
_A748 : - E
a+ha = iz = 86.86; T = 0.32 (AFTER A. CASAGRANDE)
Aa=0.32 x 85.86 = 22 48°
Figure 6-13. Concluded
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drain are considered infinitely permeable with respect to the central earth
portion of the enmbankment. In some cases dans may contain adjoining zones

whi ch, have relatively snmall but marked differences in perneability and it nay
be desired to accurately analyze the flow through these zones. Equipotenti al
lines and flow lines, with the exception of the upper line of seepage, will
cross the interface of the zones in the same manner as given for confined
conposite sections in Chapter 4, but the location of the upper line of seepage
(phreatic line) nust first be determined. Once its location is determned the
upper line of seepage transfers between regions of different pernmeabilities in
the manner shown in figure 6-14. In determining the location of the upper
seepage line, the essential principle to remenber is that the flow rate must
be the same through each zone. That is, for a unit depth of enbankment per-
pendicular to the plane of the flow net, Q nust be the same for each zone.
More perneable zones require less gradient and/or cross-sectional area to pass
the flow transmtted to them from | ess pernmeable zones. This idea can be seen
in the exanple and instructions taken from Cedergren 1977.

A k2
g /
2 %
[
YiiTIIVITY ¥4
a:wa q:ﬁ:o

Shoded areos repressn! soil
with lower permeobility coef, k

le—Verticol
\‘ ko(Very pervious

compared o k)

Zone of portial
saturotion

< 1

TITITYTTTIYTI T i1 07T Yy

B=270*-a-w Usual Cose

DEFLECTION OF SEEPAGE LINE AT BOUKDARY
BETWEEN SOILS OF DIFFERERT PERMEASBILITY

Figure 6-14. Transfer of line of seepage between regions of
different perneability (courtesy of New England Waterworks

Associ at i or115])

a. Locate the reservoir level and the tailwater level, noting the
difference in head as h and dividing h into a convenient number of equal
parts of increnents aAh . Draw a series of light horizontal guide lines (head
lines) at intervals of Ahacross the downstream part of the section
(figure 6-15a).
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b. Quess a trial position for the phreatic line in both zones and draw a
prelimnary flow net as shown in figure 6-15a, neking squares in zone 1 and
rectangles in zone 2. Make the length-to-width ratios of all of the rectangles
in zone 2 approximtely equal by adjusting the shape of the saturation line,
using an engineer's scale to neasure the lengths and widths of the figures.
Wien this step is conpleted, the trial flow net should be reasonably well

drawn. It should satisfy the basic shape requirements of a flow net, but the
length-to-width ratio of the shapes in zone 2 probably will not satisfy
c/d = ky/k; . Athough the flow net has been drawn for a conposite section,

the ratio of k,/ k; probably does not equal the k,/ k; ratio originally
assunmed for the section.

“Head" lines

Water surfagg ”_r\[kz =5k /

= \¥ Ah

n g = dfc=05
a. First trial-flow net (not correct)

b. Conpleted flow net (correct)

Figure 6-15. Method for constructing flow nets for com
posite sections (courtesy of John Wley and Sons '°°)

c. Calculate the actual ratio of ky k; for the trial flow net just
constructed. To make this inportant check proceed as follows:
(1) Count the nunber of full flow channels between any two adjacent

equi potential lines in zone 1 and call this nunmber n;_;. In the trial flow
net in figure 6-15a , n;., = 4.0 .

(2) Count the nunber of full flow channels between any two adjacent
equi potential lines in zone 2 and call this number n,, . In figure 6-15a,
Ni., is equal to the width-to-length ratio of the figures in zone 2, d/ic ,
and equal to 0.5.

(3) The actual value of k,/ k, for the trial flow net in figure 6-15a

can now be determned fromthe equation

6- 15
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kp me

(4) If the calculated k,/k; ratio is too high, the saturation line in
zone 2 is too low and nust be raised. |If the calculated k, k; ratio is too

low, the saturation line in zone 2 is too high and nust be |owered. Raise or
| oner the general level of the saturation line in zone 2 as indicated and
construct another trial flow net.

(5) Repeat steps (1) through (4) until a flow net of the desired
accuracy is obtained. (Usually a few trials will be sufficient.) By applying
the above equation to the first trial flow net in this example (figure 6-15a)
ko, k, = 4.0/0.5 = 8.0. Because the ratio of k, k, for this exanple was

assumed to be 5, the k,k; ratio of the trial flow net is too high; hence the

general level of the saturation line in zone 2 is too |low and nust be raised.
For the second trial flow net (figure 6-15b) n;, = 3.5 and n;., = 0.7 .

The calculated ratio of k,/ k; = 3.5/0.7 = 5.0, the value originally assuned.

The above equation may be derived by recalling that the quantity of seepage in
zones 1 and 2 (figure 6-15) nust be equal. Using

n
q = kh E£
d

in zone 1, q = klh(nf—l/nd) , and in zone 2, q = kzh(nf_z/nd) . For a given
head h , q ~ kl(nf—l/nd) ~ kz(nf_zlnd) and q/nd ~ klnf-l ~ kznf_2 . There-
fore klnf-l = kznf_2 and k2 = kl(nf—l/nf—z) . This expression can be used
for determining the permeability ratios kz/k1 s k3/k2 , and so on, for any

conposite flow net being exam ned for accuracy. It is an essential criterion
to be used in constructing accurate flow nets for conmposite sections. Fig-

ure 6-16 illustrates the additional detail which can be obtained by further
subdivision of the flow net, This may be necessary for a stability analysis or
other reasons. Another exanple provided in figures 6-17 and 6-18 illustrates a
flow net for a zoned dam on an inpervious foundation; figure 6-17 is the trans-
formed section for the true section of figure 6-18 (Cedergren 1975 and U S
Arny Engineer District, Sacramento 1977).
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Water surface

Ah=h/8 ng=18

nlys'bla =07

= n[_z = 35
ng—y =535 =176 ~

(makes squares
in zone 2)

c)

Figure 6-16. Three forns of one flow net (courtesy of

John Wley and Sons 155)

6-7. Zoned Earth Dam on Pervious Foundati on.

a. Zoned enbanknents on pervious foundations may require rather involved
seepage analyses unless sinplifying assunptions are nmade. This is particularly
true when relatively small perneability differences exist between adjacent
zones and foundation and it is desired to consider these differences in perne-
ability. Figure 6-19 provides an exanple of such an analysis (U S. Arny Engi-
neer Waterways Experinment Station 1956b). Devel opment of the flow net required
use of a nunber of principles and nethods explained in Chapter 4, and previous
portions of Chapter 6, e.g., dimensional changes due to ani sotropy, upper seep-
age lines and other flow lines crossing the interface of materials having dif-
ferent perneabilities and conposite sections. It should be noted that several
assunptions were nade.

(1) The flow net for the foundation was drawn independently of the
enbanknment, i.e. considering the embanknent to be inpernmeable, and assuming the
foundation to be isotropic.

(2) The enbanknent flow net reflects the influence of foundation flow

net in the location of equipotential and flow lines and is drawn for aniso-
tropic conditions.

6- 17
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TRANSFORMED SECTION

Figure 6-17. Buchanan Dam flow net studies full reservoir-
Sta 9+50 D/ S transition fill - k, = 16 k, transforned
section (from Cedergren® and U. S. Arnmy Engineer District,
Sacramento 1977)
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Figure 6-18. Buchanan Dam flow net studies full reservoir - Sta 9+50 D/S
transition fill - kh = 16 kv true section (from Cedergren25 and U. S.
Army Engineer District, Sacramento 1977)-
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(3) The flow nets were constructed assunmng a tailwater elevation of
388 ft (approximate elevation of the base of the embankment) while seepage
quantities calculations assuned a tailwater elevation of 400 ft as shown on
the cross sections (i.e., h for calculation of Qis 192 ft).

(4) For calculation of Q in figure 6-19(b) the flow nets were con-
sidered to be separate but to have the same nunber of equipotential drops.

b. This exanple provides evidence that a large perneable nenmber of the
embankment - foundation material controls the quantity of flow In this case the
relatively inperneable enbankment nmaterials needed to be considered in order to
deternmine the upper seepage line, the extent of saturated materials, and the
expected pore pressures within the enbankment. Seepage for this problem m ght
also be evaluated using a finite elenment conputer program

6- 22
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CHAPTER 7
SEEPAGE TOMRD VELLS

VWells are used in a variety of ways to control seepage.

They may be placed-on the |andward side of water retention structures to

reduce pressure at

the |ower boundary of inpervious strata. Wells are also

used to maintain dry conditions in excavations during construction. In
addition to seepage control, well punping tests serve as an accurate neans of

field determ nation of

7-2.  Analysis of Well

perneability (see Chapter 2).

Problens. The graphical flow net technique described

in Chapter 4 or the approxi mate nethods described in Appendix B can be used in

the analysis of well
solutions to well

a

wher e

2’ '

As for a plan flow net,
Thus

the net.

problens. However, fornulas obtained from anal ytica
problems are the npbst common nethods of analysis.

Fl ow Nets. An exanple of a flownet for a sinple flow problemis
shown in figure 7-1. The

flow between flow lines is given by (Taylor 1948)

AQ = 2rkAh ;—b (7-1)
permeability (L/T)
total head | oss between equipotential lines (L)

distance fromwell (L)

di nension of elenment in Z direction (L)

di nension of element in r direction (L)

AQ and Ah nust be the sane for all elenents within
rb/2 is a constant. \en drawn in plan view (figure 7-1b)

the flow net consists of square elements as in the plane case described in

Chapter 4

(b/R) are proportiona

squar es.

b.

VWhen drawn in

Thus, graphica
is generally not practica
constant thickness and only the plan view of the net is required

profile (figure 7-1c) the elenments' aspect ratios

to the radial distance r and are therefore not

construction of flow nets for radial flow problens
except for cases where the water bearing has a

Appr oxi mate Sol utions. The nunerical and anal og net hods descri bed

in Appendi x C can be used for problens involving conplicated boundary condi -
tions. Electrical analog

cated well

probl ens cannot

nmet hods are especially advantageous as nost conpli -
be idealized in two dinensions.
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PERVIOUS

a. HORIZONTAL FLOW TO WELL

b. PLAN VIEW OF FLOWNET

L
| L b
|II

~
V4

|1
!

c. PROFILE VIEW OF FLOWNET

Figure 7-1. Flowout of sinple radial
flow problem (courtesy of John Wley

and Sons®%)

c. Analytical Formulas. The analysis of flow to a single well can
often be solved by analytical nethods. Also, the analysis of flow to multiple
wel | s and many probl ens invol ving conplicated boundary conditions can be
solved by superposition of solutions for single well problems. Analytical
solutions can be obtained for nonsteady flow problens.

7-3. Basic \Wll Equations for Steady State Flow  Steady flow conditions
exi st when the well flow rate and piezometric surface do not change with tine.
If the regional piezometric surface does not fluctuate, steady state condi-
tions are achieved by punping froma well at a constant rate for a long tine
period. Design of wells for seepage control are often based on conputations
assunming steady state conditions.
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a. Artesian Conditions. Wen significant flowto a well is confined to
a single saturated stratum the problem can be idealized as shown in fig-
ure 7-2a. An artesian condition exists when the height h of the piezonetric
surface |ies above the top of the water bearing unit b . If the properties of
the soil are constant in all directions fromthe well, the discharge Q from
the well nmust be equal to the flow through a cylinder defined by the radius
r, height b, and differential thickness dr . Thus from Darcy's |aw
(equation 3-3), the flow can be witten as

_ . dh
Q=k T 27mrb (7-2)
wher e
Q= constant discharge fromwell (L¥T)

k = coefficient of permeability -(L/T)

—— = hydraulic gradient along radius (L/L)
r = radius of cylinder (L)
B = thickness of aquifer (L)
Upon integrating equation 7-2, the relationship between r and h is found.

__Q
h 27kB

¢n r + constant (7-3)

The constant can be determ ned by specifying that at the radius r, , the
total head h is equal to a known head H, the total head that existed
before starting discharge fromthe well. That is,

h=Hforr = re (7-4)

Inserting equation 7-4 into equation 7-3, the constant termis found to be

Q inr

constant = H - T7KkB e
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WELL WITH CONSTANT | >{

DISCHARGE, O\‘ r

STEADY STATE /
e H = L L
SURFACES H < ,f,’Z’ATZ,A ToTA
yy /' LLL
FLOW ' | ;[ AQUIFER
LINES — = - ©
s \
s v —~ DATUM

a. HORIZONTAL AQUIFER CONFINED BETWEEN IMPERVIOUS STRATA
(ARTESIAN FLOW)

-+ o>l
e o] '
- _—— - _——__/_’;:————_l_——
STEADY % ]
STATE SURFACE —_— L« H = INITIAL TOTAL
—_— || «—=F HEAD
FLOW
L/NES\ |
IMPERVIOUS BASE — ' ,
DATUM
vz S "/ LS 2

b. HORIZONTAL UNCONFINED AQUIFER (GRAVITY FLOW)

GRAVITY CONFINED
FLOW FLOW

—_——

c. COMBINED AND CONFINED AND GRAVITY FLOW

Figure 7-2. Radial flow to horizontal aquifers (courtesy of

John Wley and Sons 164)

7-4



EM 1110-2-1901
30 Sep 86

By substituting the constant terminto equation 7-3 and conbining logarithmc
terms, the well equation for confined flow is obtained

H-h =3 gn -2 (7-5)

The distance r, is often defined as the radius beyond which the well has no

influence or radius of influence

b. Gavity Flow Conditions. Flow to a well under gravity (figure 7-2b)
differs fromthe confined flow problemin the inportant aspect that the height
B of the differential cylinder is equal to the variable h . Thus,
equation 7-2 nust be witten as

dh
dr

whi ch upon integration and substitution of boundary condition gives

2 _2Q
h™ = p ¢n r + constant (7-7)

The constant termcan be evaluated fromthe condition at the radius of influ-
ence r, as was done in equations 7-4 and 7-5. The constant termis given
by:

constant = H2 -8 n r
mk e

whi ch when substituted back into equation 7-7 gives the well equation for
gravity flow

Devel opnent of equation 7-6 is based on the Dupuit assunption (Chapter 4)
which limts the applicability of equation 7-7 to those cases where the slope
of the piezonetric surface is small (less than 5 percent). The error is
greatest in the vicinity of the well.
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¢c. Combined Artesian and Gavity Flow. Wien drawdown of the potentio-
metric surface becomes large near the well, conbined gravity and confined con-
ditions can occur (figure 7-2c).

d. Flow to Wll Goups (Method of Superposition). The piezonmetric sur-
face h caused by discharge froma group of wells can be determined by super-
imposing the solution for the individual wells given by either equation 7-3 or
7-6. For multiple wells, flow cannot be idealized by concentric cylinders and
the problem nust be stated in ternms of the plan coordinates x and vy
(figure 7-3b). By noting that for a well l|ocated at

(xi, yi)’ ri = (x - xi)2 + (y - yi)2 a general well equation can be witten as

@, = q; 4n (ri) + C

i (7-8)

i

wher e
¢i = potential required at point (x,y) to sustain a discharge Q from
a well at (x,, y,)
i i
= h; (confined flow
= hiz (unconfined or gravity flow)
gq; = intensity factor

Qi/lka) (confined flow)

Qi/(wk) (unconfined or gravity flow)
C = constant

The head distribution @(x,y) can be determned by summing the individual

¢i . As the sum of the constants G is a constant, the multiple well

equation can be witten as

n

B(x,y) =2 q; #n (r;) + constant (7-9)
i=1

where n is the nunber of wells. The constant is determned from a known
value of @ at a specified location. For exanple, the superposition formla

7-6
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for the wells shown in figure 7-3 would be

@(x,y) = h(x,y) = hi(x,y) + hz(x,y)

1 2 2
Z7kE [Ql n[x - )"+ (y -y ]
- Q2 Rn[x - x2)2 + (y - yz)z] + constant

At a distance r, fromboth wells h(x,y) = H. The constant termis found
to be

in r,
constant = == (Q1 - QZ)

Substituting the above equation into equation 7-9, the well fornula for two
wel I's becones

1'2 r2

1 1 2

H=-hGoy) = gmg (W P 3~ Qi3
e e

e. Hydr ol ogi ¢ Boundaries (Inage Well Method). Wen there are hydrol ogic
boundaries wthin the radius of influence of the well, equations 7-3 and 7-7
are no longer valid. Exanples of boundaries are

(1) A streamor river which can be idealized as a line source of equa
potenti al .

(2) Arock bluff line at the edge of an alluvial fill valley which can
be idealized as an inpervious boundary.

The superposition of solutions (equation 7-9) can be used to analyze the flow

near a boundary by introducing an artificial device called an image well. An
imge well is identical to the actual well and located symretrically on the
opposite side of the boundary. The superinposed effect of the real and inmge
well for an infinite well is identical to the influence of the real well and
boundary. If the real well is a punping well then a recharging inmage well is
used to represent boundaries such as rivers and a punping inmage well is used
to represent an inpervious barrier. For either case, the absolute val ue of
the flow Q for the inage well is equal to that of the real well. For
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exanple, the head distribution created by a discharging well in the vicinity of
ariver is identical to that created by the conbined influence of a recharge
and discharge well (see figure 7-4). The head distribution created by the

di scharge well in an infinite confined aquifer is given hy
h, = 2 4n r_, + constant (7-10a)
R 27kB R
and by the imge recharge well in the infinite aquifer
h. = =& &n r_ + constant (7-10b)
I 27kB I

By superposition, the head distribution for the true actual problemis

h = hR + hI
R
= 558 0 ;; + constant (7-112)
1
Note that at the river r, = rg and 4&n = = 0 Thus, constant = H, the
R

head at the river. Substituting the constant term into equation 7-11, the
formula for a single well near a recharge boundary is

r

-h=—9 gn 1t
H h T7kB in

=~

la]
=

To describe the head distribution for confined fl ow near an inpervious boundary
an imge discharge well is used (figure 7-4b), By the procedure used above, h
woul d be obtained as

b oo 0

TukE in TpTy + constant (7-12)
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Figure 7-4. Application of imge well nethod for analysis of flow
near boundaries (courtesy of Illinois State Water Survey287)

7-10



EM 1110-2-1901
30 Sep 86

The head at the inpervious boundary is unknown, thus additional information is
needed to determine the constant. Note that when rgy and r, are both equa

to the radius of influence that h = H . Thus
r Y
R I
h = oapg In iRl (7-13)
e

The image well nethod can also be applied to problems involving multiple
boundaries. For exanple, a conmon geologic situation involving nultiple
boundaries would be a discharge well punping froman alluvial terrace |ocated
between a river and rock bluff (figure 7-5). In this case, the image well for
the river would have a second image well with respect to the rock bluff, which
in turn would have an inmage with respect to the river and so on. A simlar
progression of inage wells would be needed for the inperneable barrier.
Eventually, the location of each added-inmage well extends beyond its radius of
influence r, fromthe punping well and has no practical influence in the

sol ution.

7-4.  Special Conditions. Although the sinple well formula (equation 7-8) is
often used to analyze flow problens, it describes a relatively idealized con-
dition that is found rarely in practice. It is generally desirable to con-
sider the effects of partial penetration of wells, sloping aquifer, and
stratification of water bearing units in the analysis.

a. Partially Penetrating Wells. In deriving equations 7-3 and 7-7 it
is assumed that the flow lines are horizontal at the entrance of the well
This assunption is valid only if the well conpletely penetrates the water
bearing strata. An approximate solution for flowto a well partially pene-
trating a confined aquifer was devel oped by Miskat (1946). The head can be
computed from

-¢C,8 (7-14)

wher e C1 and 02 are constants to be determined from boundary conditions

and Bis a function of the radius fromthe well (Warriner and Banks 1977).
The expression for B given by Miskat (1946) was based on sinplifying assunp-
tions. Duncan (1963) and Banks (1965) assessed its validity fromelectrica
anal ogy nodel studies and devel oped a nore accurate expression for B8 . The
alternative enpirically determned relationship for B8 devel oped by Duncan
(1963) is given in figure 7-6. The constants C, and C, are determni ned
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from the boundary conditions at the well and at the radius of influence as

C, =h +C.B

1 W 27w (7-15)
H - hw
€)= B -8
w e

wher e
h, = total head at well (L)
B

w
H

value of B at well radius r, (dinensionless)

total head at radius of influence ro (L)
Be = value of B at radius of influence r, (dimensionless)

The wel|l discharge can be deternmned by using an enpirically deternined shape
factor §

Q = K(H - hw)SB (7-16)

with

g = 2w Bbd Be

in zg Bw - Be

4B
wher e
84d = value of B at r = 4B
B = aquifer thickness

h. Flows to Goups of Partially Penetrating Wlls. An enpirical nethod
devel oped by Warriner and Banks (1977) provides a neans to nodify the rela-
tionship obtained by superinposing solutions for individual fully penetrating
wells for the effects of partial penetration. First, the head at each well is
computed from the assunption that they fully penetrate the aquifer:

N
r
= ..._1- _ii -
hy = ¢+ ooy E Q fn — (7-17)
i=1
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wher e
h; = head at well j (L)
c = constant of integration (L)
Q = discharge fromwell i (L¥T)
k = coefficient of permeability (L/T)
B = aquifer thickness (L)
a = constant (L)
r; = distance between well i and well j (L)
ro = radius of well j (L)
N = nunber of wells in group
In addition, the head at a point on the source boundary is given by:
N r
H=c+2—11TﬁZQizn§ (7-18)

where H is the head at the source and r;s is the distance between well i

and the source. The drawdown at each well is conputed from conbining
equations 7-17 and 7-18

N

ahj = H - hj = ZZszrs (7-19)
i= 13

with ryy =r

Equation 7-19 gives the drawdown for each well within a group of fully
penetrating wells. The values of Q required to cause the drawdown ah

3
can be determined by solving the system of N equations (7-19) for the N
unknowns Q . As for the single well, a shape factor can be defined as:
% 7-20
% " T (7-20)
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wher e Si is the shape factor for each well within a group. This shape
factor can be corrected to account for partial penetration by

' Tiw [Bad ~ Be
Si = - 5~ (7-21)
n s \Pw T e
4B

By replacing $i in equation 7-16 with $£ the flow fromthe well group is
given as

N
- ' -
Qpopag = Z kBS!ah, (7-22)
i=1

The computations required to evaluate equations 7-19 through 7-22 are straight-
forward though they are tinme consuming for large well groups. Warriner and
Banks (1977) provide a FORTRAN code to conpute di scharge and drawdowns for
partially penetrating well groups within an arbitrarily shaped source boundary.

c. Wlls in Sloping Aquifer. |If the regional potentiometric surface
has a significant slope, the effect of superinposing the initial regiona
gradient on the well drawdowns nust be considered. For exanple, when punping
from floodplain locations, the existing piezonetric gradient from upland areas

to the river my be as great as those caused by punping fromthe well. The
significant paranmeters for confined flowto a single well are shown in
figure 7-7. At a large distance fromthe well, the regional flow net would
not be affected. Al flowinto the well would be contained within the stream
lines separated by the dinension f . Thus by Darcy's law for one-dinensional
flow
dh1

Q=—k——d—XBf (7-23)

wher e

Q = discharge from well (L¥T)
k = perneability (L/T)

h, = total head (L) for regional flow alone
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>
1

coordinate selected to be parallel to initial regional flow (L)

o
1

aqui fer thickness (L)

—h
1

width of flow lines enclosing all flow to well (L)

- ——

— e il ——— _‘F—

- —

— vt —

CULMINATION '!
POINT

—_— =]

— e — ]

DIRECTION OF REGIONAL FLOW BEFORE PUMPING

<
-

Figure 7-7. Superposition of well drawdown on regional gradient
(courtesy of International Institute for Land Reclamation and

| npr ovenent *%%)
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The corresponding differential equation for the well would be

—2._941 )
dr 27kB r (7-24)
wher e
h2 = total head due to flow to well
r =\)x2 +y2
At a distance X, downgradient fromthe well, a groundwater divide devel ops
(cul mination point) at which
dh dh
2__1
dr ~ T dx (7-29)
In view of equations 7-23 and 7-24
—Q 1 _ 9 )
27kB Xe kBf (7-26)
or
f
Xe = 2n
By substitution of equation 7-26 into equation 7-23
dh,
Q= ZkaeB ix (7-27)
By integrating equations 7-24 and 7-27
-2 _
h1 2nkXeB X + ¢,
(7-28)
-2
h2 T7KE in r + <,y
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and superinposing the effects

- _ X Q 2 2
h(x,y) h1 + h2 2"kae + TkB ¢n (x° + y°) + constant (7-29)

The distance X, can be renmoved from the expression by substitution of
equation 7-27

hix,y) = ix + —Q in (x2 + yz) + constant (7-30)
47kB
dh1
where i = = the regional slope of the aquifer.

For conditions of unconfined flow, the regional gradient would be defined by a
par abol a

2 _ 29
h1 = %F X + constant

whi ch when conbined with the well equations for unconfined flow gives

By = - [%- +3 0 (x+ y2)] + constant (7-31)
: e

d. Layered Aquifers. Natural soils often occur in layers and a well
may penetrate units having different perneabilities. |If flowto the well is
horizontal, the sinple well equations can be used by assigning an average
val ue of perneability given by

N
- __m._m -
Kavg ~ m§ d (7-32)

wher e
K, = horizontal perneability of layer m
d,, = thickness of layer m

d = total thickness of layers
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Note that the perneability determned froma field punping test is an average

of all wunits penetrated by the punping well. A case where vertical flow can be
inportant is shown in figure 7-8. The discharging well is pumping from a
INITIAL PIEZEOMETRIC SURFACE ASSUMED TO
2 / COINCIDE WITH GROUNDWATER TABLE
s 7
= o — — — A
— —
— -—
o — ““——STEADY STATE PIEZEOMETRIC SURFACE
T T T s =" T e e —
e - = [/ T STRATA WITH
B - < e — — ———=c—F———> PERMEABILITY
q_c_r_._-________‘__i_ K’
ASSUMED FLOW T AQUIFER WITH
THROUGH CONFINING PERMCABILITY
@ STRATA K>>K’
SEM{I-CONFINED AQUIFER ‘
i

Figure 7-8. Flow to well wth significant vertical flow through confining
164
)

permeable unit overlain by a less perneable unit through which significant
vertical flow can occur. The flow to the well is given by

| ayer (courtesy of John Wley and Sons

B b=tk (E) (7-33)

wher e
H = original total head (L)

h = total head at distance r fromwell at steady state condition

(L)
Q = discharge rate (L%T)
L = vkBC (leakage factor) (L)
B = thickness of aquifer
C=B/Kk (L)

B = thickness of overlying |ow permeability unit (L)
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k' = permeability of overlying |ow pernmeability unit (L/T)
ko(%) = Hankel function (tabulated in table 7-1) (dinensionless)

7-5.  Nonsteady State Flow Nonsteady state flow nmay arise in several ways
When punping Is started, time is required to establish a virtually steady state
condition. Flow during this period nust be assumed to be nonsteady state. I|f
punping occurs intermttently, a steady state condition may not be established
Also, if large fluctuations occur at the source, potential steady state flow
conditions are not mmintained. The steady state condition can be viewed as the
end condition that is reached after punping for a long tine period. In the
design of a well system for seepage control, it is generally adequate to
consider only the steady state condition. However, the determnation of
coefficient of perneability fromtest data often requires anal ysis based on
nonsteady state condition. The duration of many well tests is too short to

Table 7-1. Values of K, r/L for Selected Values of r/L to
Eval uati on Equation 7_33(a)

_i_f f =107 f = 10" f =10
1.0 4.721 2.427 0. 421
2.0 4.028 1.753 0. 114
3.0 3.623 1.372 0. 035
4.0 3.336 1.114 0.011
5.0 3.114 0. 924 0. 004
6.0 2.933 0.777 0. 000
7.0 2.780 0. 660 0. 000
8.0 2. 647 0. 565 0. 000
9.0 2.531 0. 487 0. 000

Exanpl e: %:(15, f =101, K0.5 = 0.924

(a) Prepared from nore extensive tables presented by Kruseman and De Ridder
(1970).
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reliably establish the steady state condition. Also, in practice, hydrologic
boundaries may be present within the steady state radius of influence. In
either case the use of the steady state flow equations could lead to substan-

tial error in determning the permeability.

a. Nonsteady State Confined Flow. Theis (1935) devel oped the follow ng
relationship for nonsteady state flow in a confined aquifer (Davis and DeWei st

1966) :

_ _Q (7-34)
i h 4mkB W(w
wher e
Q = constant discharge rate (L%T)
k = perneability (L/T)
B = thickness of aquifer (L)
Wu) = function given in table 7-2
u2 U3 1.14
=-0.5772 - fnutu - g b g - T e
The paraneter u is given by
2
_rsS
Y = Zise (7-39)

wher e

r radius fromwell (L)

S storage coefficient (dinensionless)

t time fromstart of punping (T)

The storage coefficient S represents the amount of water renoved from stor-
age as a result of consolidation of the aquifer and expansion of water in
response to the decline in head. Physically S is given by

S = pgB(a + nR) (7-36)

7-22



Table 7-2.

Val ues of Wu) for

EM 1110-2-

1901

30 Sep 86

Sel ected Values of 1/u

to Evaluate Equation 7-34 (2

N
Cl—

10°

1010
101
1012
1013

1014

Example : u = 0.005 ,

=10 R =80
0. 000 0. 001 0. 146
0.219 0. 600 1.623
1.823 2. 468 3.817
4.034 4.726 6. 109
6. 332 7.024 8. 410
8. 633 9.326 10. 71
10. 94 11.63 13. 02
13. 24 13.93 15. 32
15. 54 16.23 17.62
17. 84 18. 54 19. 92
20. 15 20. 84 22.22
22. 45 23. 14 24.53
24.75 25. 44 26. 83
27.05 27.75 29.13
29. 36 30. 05 31. 44
31. 66 32.35 33. 74
% = 200 Wu) = 4.726

(a) Prepared by WES.
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where
p = mass density fluid (m L%
g = acceleration of gravity (L/T?
B = thickness of aquifer
a = bulk conpressibility of aquifer (LTY/M
n = porosity (dinensionless)

B = bulk conpressibility of fluid (LT¥M

The deternination of the aquifer properties kb and S from equation 7-34
requires a conplete drawdown versus time history for each observation
piezometer. The Theis nethod for data analysis is based on the logarithnmic
representation of equations 7-34 and 7-35

log (H - h) = log[W(u)] + log (4HEB)

2
log (%—) = log(u) + log (;%E)

From the equations above it is seen that if Qis constant that log(H - h)

varies with log(r%t) in the same way as log [Wu)] varies with log (u)
regardl ess of the units used. Therefore, it should be possible to superinpose
the data curve on the theoretical curve because the two curves are offset from
each other only by the constant terms log Q/4nkB and |log S/4kB . By deter-
mning the value of the offsets from the superinposed curves, kb and S can
be deternmined. The conputation consists of the followi ng steps

(1) Aplot is made of Wu) (log scale) versus u (log scale). This
plot is referred to as the type curve

(2) For each observation well, a plot is nade of drawdown H - h (Ilog

scal ) versus r2/t (log scale).

(3) Superinpose the test data over the type curve in such a way that
the drawdown data best fit the type curve (figure 7-9). The coordi nate axes
of the two curves should be kept parallel.

(4) Determine the values Wu) , u, H- h, and r?%t from an
arbitrarily chosen matching point on the two curves.

7-24



EM 1110-2-1901

30 Sep 86
100 T 1 T T 1 1 l
DRAWDOWN H-h INFT
50 |- —
10.0 T T I T T T 1 T
20 = O PUMPING TEST 7
50 b Wiw) DATA _
10 |~ —
-
2.0 sol . ]
1.2 :
R it -~
€ ~ I
= 2.0 : =
05 |
1.0 | —
|
02 | _ ]
05 | : ]
0.21
0.1 | 1 | | I 1 N L
0.001 0.002] 0.005 0.0l 002 005 0.l 02! 05 |
02fF : 1 _
|
{735
0.1 | | [ 1 1 J\{] Y W
R 5 10% 2 5 100 2 G4d5 1
r%/t IN. FTYDAY
Figure 7-9. Use of type curve for analysis of nonsteady state flow
(courtesy of John Wley and Sons 164)
(5) Conpute the value of kB from equation 7-34 using the matching
point value of H- h and Wu) . Conpute the value of S from equa-
tion 7-35 using the matching point values of u and r?t conbined with the
previously conputed value of kB . The above procedure is carried out for
each observation well. Ideally, the conputed values of kB and S should be

the same for all observation wells. Differences in the computed values my be

caused by geologic variations in the aquifer and hydrol ogic boundaries not
accounted for in the analysis.

b. Sinple Method for Coefficient Determination (Jacob's Method). Jacob
(1950) introduced a sinplification to the determnation of kB and S by
noting that for small values of u (small r and/or large t) equation 7-34
reduces to (Davis and DeWist 1966)
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H-h-= Z?gi <£n % - In l.78) : u < 0.0l (7-37)

Equation 7-37 can be witten in a form convenient for graphical solution by
substituting equation 7-35 and witing in terns of base 10 |ogarithns:

2.30Q 2.25T . 2.30Q

ZrkB 198 7. ‘Y im@ 108 t

r s

H-h-=

(7-38)

From equation 7-38 it is seen that the relationship between drawdown H - h
and time t for a particular observation piezoneter (r = constant) can be
represented as a straight line on a plot of H- h versus logt

(figure 7-10). The slope of the line is equal to %ﬁtﬂ Also, the tine,
t,, corresponding to H- h = o0 gives

2,25 %
rZS =1
whi ch can be used to determine S. An alternative analysis consists of plot-
ting H- h versus log r . The following relationship can be obtained by

rearranging the termin equation 7-38.

_ 2.30Q | 2.25kBt _ 2.30Q

H-h=7r3 g S ~ 2mkB

log r (7-39)

Equation 7-39 defines a straight line on a plot of H- h versus r

(figure 7-10b). The slope of the line is - .3__1}13—1(3)9 and can be used to
determine kb . The line intersects the H- h = o0 axis at r, . This
intercept can be used to determine S from
2.25kBt
= =1
r S
(o]

Note that r, represents the radius of influence for the well at time equals
t . Thus the radius of influence for the steady state condition r, is equal

to r, as t tends to infinity. This inplies that the radius of influence
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Figure 7-10. Use of Jacob approximation for nonsteady state flow

(courtesy of John Wley and Sons 164)
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expands indefinitely and cannot be defined. However, the val ue of Mo

selected has a relatively small influence on conputed drawdowns near the wel
and equation 7-39 can be used to determ ne reasonable values for r, .

C. Nonst eady Unconfined Flow with Vertical Gavity Drai nage (Del ayed
Yield). Initial response (generally after first few mnutes of punping) is
given by (Kruseman and DeRi dder 1970)

H-h = 7= W(u, , ©/B) (7-40)

wher e

2
A 4kBt

S, = storage coefficient for instantaneous release of water from
storage

Wu, , r/B) = Boulton well function (figure 7-11a)
r/iB = formation constant to be deternmined from piping test data

Later tine response is given by

- = -—Q— -
H-h=—0 W(uy » r/B) (7-41)
wher e
rZS
P
y  4kBt

S, = specific yield
Wuy r/B) = delayed yield well function

The application of equations 7-40 and 7-41 through use of a type-curve is
simlar to that of equation 7-34. The follow ng should also be noted

(1) Type curves for several values of r/B should be plotted. The

curve giving the best fit to the initial time-drawdown data is used to
estimate r/B.
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Figure 7-11. Type curves for Boulton's analysis of nonsteady unconfined
flowwith delayed yield (courtesy of International Institute for Land
Recl amation and | nprovenent %)
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(2) The tine-drawdown data overlay may be noved to obtain the best fit
for the latter time-drawdown data. Both initial tine and latter time fits
shoul d give the sane value of r/B and kB .

(3) Eventually, the effects of vertical gravity drainage becorme negli -
gible and the latter time curve nerges with the Theis curve. The tine-
coordinate where the two curves nerge is determined from Boulton's del ay-index
curve (figure 7-11b).

(4) A nunber of type-curve solutions to the problem of nonsteady uncon-
fined flow to wells have been devel oped (Fetter 1980). For exanple, Neuman
(1975) presented a type-curve nmethod sinmilar to Boulton's that accounts for
ani sotropy of the aquifer.

d. Nonsteady Confined Flow with Vertical Drainage Through Confining
Layer (Leaky Aquifer). The leaky aquifer equation for nonsteady flow is based
on the assunptions that flow to the well is horizontal and vertical flowis
restricted to seepage through the confining layer. These assunptions are
identical to those nade for the steady state case described by equation 7-33.
The drawdown is given by

H-h =3 W(u , %) (7-42)

wher e

r = radius fromwell (L)
S = storage coefficient (dinensionless)
k = perneability (L/T)
t =time fromstart of punmping (T)
L = | eakage factor (L) = -151—(-},32'—
B = thickness of aquifer (L)
B' = thickness of confining unit (L)
k' = perneability of confining unit (L/T)

Wu , r/L) = well function given in figure 7-12
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The application of the type curve nmethod for the leaky aquifer problemis sim-
lar to the application to the delayed yield problem The time-drawdown data
are matched to the standard type curve with the curve giving the best fit being
used to estimate /B .

e. Nonsteady Unconfined Flow with Little Vertical Drainage. If the
del ayed response conponent of the drawdown is small, the Theis equation
(equation 7-34) can be used to analyze the flow by inserting a "corrected"
drawdown into the flow equation. The corrected drawdown is given by

(h - H)2

(H-h)"=(H-h) - >

(7-43)

f. Nonsteady Flow with Hydrologic Boundaries. The method of super-
position presented for steady-state flow problenms (equation 7-9) is applicable
to nonsteady flow problens. Therefore, the inmage well nethod can be used to
investigate the effects of hydrologic boundaries. For exanple, the inmage well
analysis for a discharging well near a river (recharge boundary) is (Davis and
Dewi est 1966)

eh = 2 -
H-h-= 4 7kE [W(uR-) W(uI)] (7-44)
wher e
~ réS
YR T kBt
Y1 T kBt

rr = radius fromreal well (L)

r, = radius frominmage well (L)

k = coefficient of perneability (L/T)
S = storage coefficient (dinensionless)

B = aquifer thickness (L)

—
1

time fromstart of punping (T)
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Note, then, when the function Wu) can be replaced with a logarithmc
approxi mation, as in the Jacob's nmethod (equation 7-37), equation 7-44 can be

approxi mated as

2 2

r,S r.S r
-h = R n i = gn I
H=-h=708 70 ~ ™ 7ige = 7o @ T (7-45)
From equation 7-45 it is seen that as u beconmes small, flow becones virtually

steady state (conpare equation 7-45 with the steady state case, equation 7-11).
Thus the presence of a recharge boundary in an aquifer tends to shorten the
time needed to reach steady state (Davis and Dew est 1966).
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CHAPTER 8
SEEPAGE CONTROL | N EMBANKMENTS
8-1. Ceneral. Al earth and rock-fill dans are subject to seepage through

the enbankment, foundation, and abutments. Seepage control is necessary to
prevent excessive uplift pressures, instability of the downstream slope, pip-
ing through the embankment and/or foundation, and erosion of material by
mgration into open joints in the foundation and abutnments. The purpose of
the project, i.e., long-term storage, flood control, etc., nay inpose limta-
tions on the allowable quantity of seepage.

8-2. Methods for Seepage Control. The three methods for seepage control in
enbankments are flat slopes without drains, enmbankment zonation, and vertical
(or inclined) and horizontal drains.

8-3. Flat Slopes Wthout Drains. For sone dans constructed with inpervious
soils having flat enbanknment slopes and infrequent, short duration, high
reservoir levels, the phreatic surface may be contained well wthin the down-
stream sl ope and escape gradients may be sufficiently low to prevent piping
failure. For these dams, when it can be assured that variability in the

characteristics of borrow materials will not result in adverse stratification
in the enbankment; no vertical or horizontal drains are required to control
seepage through the enbankment. A horizontal drain may still be required for

control of underseepage (see Chapter 9). Exanples of dans constructed with
flat slopes without vertical or horizontal drains are Aquilla Dam Aubrey Dam
and Lakeview Dam (U. S. Arny Engineer District, Fort Wrth 1976a, 1976b, 1980).
Figure 8-1 shows the analysis of through enbankment seepage for Aubrey Dam
Texas (now called Ray Roberts Dam). As shown in figure 8-1a, this is a zoned
enbankment with relatively flat slopes due to a weak stratum in the founda-
tion. The slopes could be steepened fromIV:10.6H to IV:8H if the weak foun-
dation gains shear strength due to consolidation during construction (the dam
is scheduled for conpletion in 1988). A 3-ft-thick horizontal drainage blanket
and collector system will be provided under the downstream enbanknent from
sta 136+00 to sta 142+60 to control any seepage through the foundation. For
the analysis of through enbanknent seepage, shown in figure 8-1b, the steady
state phreatic surface was devel oped graphically for the conservation pool by
considering a honbgeneous nonisotropic enmbankment and an inpervious foundation.
Since the escape seepage gradients were conmputed to be less than 0.3 to 0.4
(see paragraph 4.9b), it was concluded that no vertical or horizontal drains
were required.

8-4.  Zoning Enbanknents.

a. Ceneral. Enbankments are zoned to use as nuch material as possible
from required excavation and from borrow areas with the shortest haul dis-
tances and the |least wastage and at the same time nmintain stability and con-
trol seepage. The different zones of an embankment are shown in figure 8-2.
For nost effective control of through seepage and seepage during reservoir
drawdown, the perneability should progressively increase from the core out
toward each slope as shown in figure 8-2 (EM 1110-2-2300).
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ZONE DESCRIPTION
1 CORE
2 FILTER OR DRAIN
3 TRANSITION
4 RANDOM
5 SHELL
6 US DRAWDOWN BLANKET
1 US SLOPE PROTECTION
8 DS SLOPE PROTECTION

Figure 8-2. Different zones of an enbankment (prepared by VES)

b. Inpervious Zone or Core. The purpose of the core is to mnimze
seepage |osses through the enbankment. As a general rule, sufficient inper-
vious material is available to result in snall seepage |osses through the
enbankment. Therefore, the quantity of seepage passing through the foundation
and abutments may be nore significant than the quantity passing through the
core. Inportant material properties of the core are perneability, erosion
resistance, and cracking resistance. A core material of very low perneability
may be required when the reservoir is used for long-term storage. A core
material of nedium perneability nmay be utilized when the reservoir is used for
flood control. The erosion resistance of core naterial is inportant in eval u-
ating piping potential (Arulanandan and Perry 1983). The tensile strength of
the core material is inportant in evaluating the cracking resistance
(Al - Hussai ni and Townsend 1974). In general, the base of the core or the cut-
of f trench should be equal to or greater than a quarter of the maxinum differ-
ence between reservoir and tailwater elevations (U S. Arnmy Engineer District,
Mobile 1976, EM 1110-2-2300). A core top width of 10 ft is considered to be
the mninum width on which earth-noving and conpaction equi pment can operate.
The maxi mum core width is controlled by stability and by availability of mate-
rial. The top of the core should be above the maxi num reservoir elevation
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but bel ow the bottom of the frost zone, A vertical core |located near the
center of the damis performed over an inclined upstream core because the
fornmer provides higher contact pressure between the core and foundation to
prevent |eakage, greater stability under earthquake |oading (Sherad 1966

1967), and better access for remedial seepage control. An inclined upstream
core allows the downstream portion of the embankment to be placed first and the
core later and reduces the possibility of hydraulic fracturing (Nobari, Lee

and Duncan 1973).

c. Filter Zones. Filters may be required in various locations in earth
dans such as vertical (or inclined) and horizontal drains within the down-
stream section of the enbankment as shown in figure 8-2, around outlet con-
duits passing under the downstream portion of the embanknment, under concrete
structures such as stilling basins, around relief wells, beneath riprap where
drawdown may occur, and between the enmbankment and abutment. |nportant prop-
erties of the filter material are gradation, conpacted density, and perneabil -
ity. Filters are designed to pernit free passage of water and prevent migra-
tion of fines through the filter as discussed in Appendix D. The average
in-place relative density of the filter should be at |east 85 percent and no
portion of the filter should have a relative density | ess than 80 percent
(EM 1110-2-2300). This requirenment applies to vertical (or inclined) and
hori zontal drains and filters under concrete structures but not to bedding
| ayers under riprap. Special care nust be taken to assure that conpaction does
not degrade the filter material (by grain breakage and/or segregation) and
reduce its perneability. \Wen the filter material is sand or contains signifi-
cant portions of sand sizes, the material should be nmaintained in as saturated
a condition as possible during conpaction to prevent bulking. The discharge
capacity of the filter zones should be determined in dinensioning the filters
(Cedergren 1977). The filter material should pass the 3-in. screen for nmini-
mzing particle segregation and bridging during placement. As discussed pre-
viously in Chapter 2 (see figure 2-12), the perneability of sands and gravels
varies significantly with the anount and type of fines (material smaller than
the No. 200 sieve) present. Aso, the amount and type of fines present
i nfluence the capacity of a filter to self-heal by collapsing any cracks wthin
the filter (see figure 8-3). Therefore, the maxi num percent fines and type
(silt, clay, etc.) to be allowed in the filter of an earth dam nust be shown

to be sufficiently pervious by laboratory filter tests (Y and self heal i ng by
col | apse tests (Vaughn 1978). If vibration is present, such as in the vicinity
of a stilling basin or powerhouse, the. laboratory filter tests should be con-
ducted with vibration effects. If the base material to be protected is

di spersive, large-scale box filter tests will be required (MDaniel and Decker
1979, Bordeaux and |maizumi 1977, and Logani and Lhez 1979). The procedure to
use in identifying dispersive clays is given in EM 1110-2-1906. Cenerally, two
or nore filter zones, each with a uniform or narrow gradation (sand, pea
gravel, etc.) are preferable to a single well-graded filter zone which often
becomes segregated during processing, stockpiling, and placenment. Care nust

(1)Laboratory filter tests are not a routine |aboratory test. Standard test-
ing procedures have not been devel oped. The conduct of |aboratory filter
tests should be under the direction of a specialist and should be carried
out in a research |aboratory.
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CRACK

CORE

a. Self-healing (by collapse) of filter

W S S S
COMPACT MOIST SAND IN REMOVE SAMPLES FROM
STANDARD COMPACTION MOLD MOLD AND PLACE IN TRAY

FILL TRAY WITH WATER SAMPLE WILL COLLAPSE TO
ANGLE OF REPOSE AS WATER
RISES AND DETROYS
CAPILLARY SUCTION
{F SAND IS NONCOHESIVE

Laboratory test for ability of filter material
to self-heal (by collapse)

Figure 8-3. Self-healing (by collapse) of crack
within a filter downstream of a core (courtesy

of American Society of Gvil Engineer3282)
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be taken during construction to prevent reduction in perneability of the filter

by intrusion of fines carried by surface runoff,

ment, or degradation during conpaction. Also, care nust be taken

coarse nmteria

whi ch core (or

spillage by conpaction equip-

to prevent

fromrolling down the surface of the filter and collecting
between the core and filter (or between filter zones if two or nore filters are
used) forming a "tube" (in cross section) of nore permeable mater

filter) material could be |ost by piping
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d. Transition Zones. The purpose of transition zones is to separate
zones of different perneability and conpressibility within the enbankment, to
prevent core nmaterial from being drawn into the upstream shell during rapid
drawdown of the reservoir, to provide a source to feed material into a crack
in the core and preventing piping (see figure 8-4). Inportant materia
properties of the transition naterial are angularity of particles (upstream of
core, rounded particles and better for feeding material into cracks and pre-
venting piping), gradation, permeability, and conpressibility. Transition
zones may be |ocated both upstream and downstream of the core and generally
have a width >10 ft. Wde transition zones between the filter and the down-
stream shell will control the rate of flow through a crack in the core and
extending through the filter in the event that self-healing (by collapse) of
the filter does not occur. Transition zones (and filter zones) should be
wi dened near abutnments where tension zones may induce cracking.

INY

0000000000
o

09°
O o
o ©
0 o CRACK
Og) f//
TRANSITION Oqg OQCoo VOID

CORE

C O op gooo0o
C0 000000

Figure 8-4. Crack stopping transition upstream of a core
(prepared by VES)

e. Random Zones. The purpose of random zones is to utilize required
excavation. Random zones are assuned to have the properties of the |east
desirable material in the excavation. Random zones may be |ocated either
upstream or downstream of the core. For nost effective control of through
seepage and seepage during reservoir drawdown, the nore pervious material
should be routed to the outer portions of the embanknent.

f. CQuter Zones or Shells. The purpose of the outer zones or shells is
to permt steeper enbanknent slopes. Inportant material properties of the
shell material are durability (soundness) of rock, gradation (well-graded)
and perneability (free-draining). The upstream shell affords stability
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against end of construction, rapid drawdown, and earthquake |oading. The
downstream shell acts as a drain and controls the line of seepage and provides
stability under high reservoir heads. \Wen suitable materials are not avail -
able for pervious downstream shells, control of seepage through the enbanknent
is provided by vertical (or inclined) and horizontal drains.

g. Upstream Drawdown Bl anket. The purpose of the upstream drawdown
bl anket is to provide stability of the upstream slope during rapid drawdown of
the reservoir. Inportant material properties of the upstream drawdown bl anket
are durability (soundness) of rock and permeability (free-draining). Fig-
ure 8-5 shows the inmprovenent in the factor of safety resulting fromthe

S.F. = SAFETY FACTOR !
A O

29
>

el ®
©)

{a) S.F. = 1.08

(b) S.F. = 1.48

RELATIVELY IMPERVIOUS
MODERATELY PERVIOUS, NOT FREE DRAININC
HIGHLY PERVIOUS, FREE DRAINING

OOO

Figure 8-5. Inproverment in factor of safety
resulting from the upstream drawdown bl anket

(courtesy of John Wley and Sons'®)
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upstream drawdown bl anket (Cedergren 1977). The required mni mum perneability
of the upstream drawdown bl anket can be calculated from (Cedergren 1977):

v Ln
K dd e

min T sin a

wher e

Kmin = mnimmperneability of the upstream drawdown bl anket
Vgyq = Velocity of drawdown of the water surface in the reservoir
L = defined in figure 8-6
n, = effective porosity of the upstream drawdown bl anket
h = defined in figure 8-6

a = angle between the median flow line in the upstream drawdown
bl anket and the horizonta

The ratio h/L should not exceed 10.

Figure 8-6. Conputation of required mninum perneability of the

upst ream drawdown bl anket (courtesy of John Wley and Son5155)

8-5. Vertical (or Inclined) and Horizontal Drains.

a. Need. As stated previously, vertical (or inclined) and horizonta
drains may be required to control seepage through the enbanknment by preventing
material eroded through a crack in the core fromwashing into the downstream
shel | by seepage water under reservoir head. Also, because of the often
variable characteristics of borrow materials, it is frequently advisable to
provide vertical (or inclined) and horizontal drains within the downstream
section of the enbanknment, as shown in figure 8-7, to ensure satisfactory
seepage control. For a stratified soil, the vertical perneability is
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2 /_\
= PN ___inapveRTENT
< AN . PERVIOUS LAYER
e e T et et et e T—r 4
/ F.".'.""""""_\"' <
BZNZN ' PN

a. HORIZONTAL DRAIN ONLY

__——INADVERTENT
PERVIOUS LAYER

b. INCLINED AND HORIZONTAL DRAINS

Figure 8-7. Use of inclined and horizontal drains to ensure seepage
control against variable characteristics of borrow materials

(courtesy of John Wley and Sons 155)

controlled by the least perneable layer. Therefore, the horizontal perneabil-
ity is always greater than the vertical perneability. Conpacted soils in earth
dams are stratified due to variability in the characteristics of borrow nate-
rials and the tendency for soil particles to align horizontally during conpac-
tion. The ratio of vertical to horizontal permeability may range from 2 to 10
or greater. For stratified soils, as shown in figure 8-8, a horizontal drain-
age blanket is not sufficient to prevent the downstream slope from beconing
saturated and susceptible to piping and/or slope failure. However, when a
properly designed and constructed inclined drain and horizontal drain is used,
as shown in figure 8-8, conplete control is provided over seepage through the
embanknent .

h. Filter Requirenents. Vertical (or inclined) and horizontal drains
shoul d be designed as filters (see Appendix D). If crushed rock is used for
the drain nmaterial (see paragraph 2-2.g), material to be protected is disper-
sive, or material to be protected contains cracks, filter tests will be
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NN NN
Ky = 9Ky
Figure 8-8. Effect of anisotropy of perneability on seepage through

earth damw th and without an inclined drain (courtesy of John WIey

and Sons™)
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required. Well-graded materials are internally unstable and shoul d not be used
as filters when G, > 20.")

¢c. Discharge Requirenments. Vertical (or inclined) and horizonta
drains nmust have sufficient discharge capacities to renobve seepage quickly
wi t hout inducing high seepage forces or hydrostatic pressures (Cedergren
1977). When drains are designed and constructed with anpl e di scharge capac-
ity, the line of seepage will not rise above the drain zone. Since drains are
smal | conmpared to the overall dinensions of the earth dam it is difficult to
construct accurate flow nets within the drains thenselves. The total quantity
of seepage from all sources that nust discharge through the drain should be
evaluated froma flow net analysis in which it is assumed that the drains have
an infinite perneability. Figure 8-9 shows an exanple of the design procedure
for inclined and horizontal drains to assure adequate drain capacity (Cedergren
1977). The probable rate of discharge through the dam and foundation is esti-
mated from conposite flow nets (see figures 4-13 and 4-14). For the exanple
shown in figure 8-9, the seepage through the dam Q = 2 cu ft/day and the

seepage through the foundation Q, = 10 cu ft/day. Therefore, the inclined
drain nmust be capable of discharging Q = 2 cu ft/day and the horizontal drain
must be capable to discharging Q + Q = 12 cu ft/day. These are discharge

rates per running foot of dam and drain. Assuming the inclined drain was
designed with a width of 12 ft to permt its placement with normal earth-noving
equi prent, the cross-sectional area nornal to the direction of flow within the
inclined drain A, = 11 sq ft (see figure 8-9b) and its required m ni num

perneability nmay be found from Darcy's |aw

k= x (8-2)

(1)
Pso
F
Cu =5
IOF
wher e C, = coefficient of uniformty
D60 = size of filter material at 60 percent passing
F
D10 = size of filter material at 10 percent passing
F
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wher e
k = coefficient of permeability
Q = quantity of discharge
i = hydraulic gradient

A = cross-sectional area of flow

Rolled impervious

Water surface k=001 ft/day

Blanket
drain

a. Cross section and flow net

e

hc-300ﬁ AC-TC““
Qc=0, | 2 9— Ace 1211 S 71°

Ac= 11 #

b. Dinmensions of inclined drain

hy= Ay Ql;=Ql+QI
4
A )
Ly=5501 o

c. Dinmensions of horizontal drain

Figure 8-9. Exanple of design procedure for inclined and horizontal

. . . 1
to assure adequate drain capacity (courtesy of John Wley and Sons
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Substituting for Q, 1, and A
L
c hc
(o]
_ 2 cu ft/day
ke = <3oo EE) 11 o £0 (8-3)
310 ft 4
kC = 0.2 ft/day

Every filter nust be perneable enough to have a reasonable reserve for higher
than expected flows. The filter should have a mninum perneability after

pl acenent and conpaction of at least 20 tines that calculated theoretically.
Therefore, the required perneability for the inclined drain is

kc = 20k
design ¢
kc = 20(0.2 ft/day) = 4 ft/day (8-4)
design
-3
kc = 1.4 x 10 © cm/sec
design

C ean, washed concrete sand is usually about this perneable. As previously
stated, the horizontal drain nust be capable of discharging Q + Q = 12 cu
ft/day. Since the drain is to be designed so that the line of seepage does

not rise above the drain zone, the allowable maximum head in the horizontal

drain can be no greater than its height. The required minimm perneability
from Darcy's law is

Q. +Q
k, = _iE;_JL. (8-5)
()

b

Substituting A, = h, (width is one running foot of dam and drain)
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Q, +Q,

R

b

(Q + QL
kb "™ ———

7
by

(8-6)

. (12 cu ft/day) (550 ft)

% 2

hy

To design the horizontal drain, select a drain height and calculate the
required minimum perneability. Apply a factor of safety of 20 to the cal cu-
lated permeability and select a drain material from avail abl e aggregates.
Select a drain height of 4 ft.

k = 412.5 ft/day

The required perneability for design is

by, T 20K

design

= 20 (412.5 ft/day) = 8,250 ft/day
design

kb = 2.9 cm/sec
design

This perneability could be obtained by screened fine gravel (3/8-in. to 1/2-in.

size) which has a perneability of about 30,000 ft/day or 10.6 cm sec
8- 14
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(Cedergren 1977). Seepage in coarse aggregate is likely to be turbulent and a
reduction factor should be applied to the perneability. The hydraulic gradient
in the horizontal drain is

h
1 === == = 0.007 (8-7)

From figure 8-10, for screened fine gravel (3/8-in. to 1/2-in. size) wth
1 = 0.007 the reduction factor for perneability is 0.9.

k = 0.9 (30,000 ft/day)
k = 27,000 ft/day (8-8)
k = 9.5 cm/sec

The permeability of the screened fine gravel (3/8-in. to 1/2-in. size) reduced
for turbulence is greater than the required permeability for design:

27,000 ft/day > 8,250 ft/day

Therefore, it should be adequate when properly placed and conpacted to conduct
seepage water through the horizontal drain. The screened fine gravel (3/8-in.
to 1/2-in. size) will be protected top and bottom with a 1-ft-thick clean
washed concrete sand filter. Since the seepage from the foundation nust flow
across the fine filter to enter the coarse drainage |layer, the fine filter nust
be perneable enough to allow the water to enter the coarse drainage |ayer
freely under only a small hydraulic gradient (0.5 or less). Assume an average
hydraulic gradient of 0.5 across the fine filter layer and @ = 10 cu ft/day

for the anobunt of water that will enter the first (left) 200 ft of the drain.
From Darcy's law the required nmininum perneability of the fine filter is (see
equation 8-2)

Q

k = ——

iA

- 10 cu ft/day
0.5(200 ft) (1 ft)

=~
1

0.1 ft/day
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Figure 8-10. Approximation for estimating reduction
in permeability of narrow size-range aggregate
caused by turbulent flow (courtesy of John Wley

and Sons'®)

O ean washed concrete sand with a perneability of 10 ft/day should all ow
seepage fromthe foundation to enter the coarse drai nage | ayer without
restriction. As stated previously, the inclined and horizontal drains used in
this exanmple would have to neet the filter requirenents (see Appendix D) in
addition to the discharge requirenents

d. Location and Geonetry. Vertical (or inclined) drains are |ocated
adj acent to and downstream of the core as shown in figure 8-2. The top of the
vertical (or inclined) drain should be above the phreatic surface for maximm
reservoir elevation to prevent seepage flow above the drain. In drawing the
flow net for the damto use in selecting the height and | ocation for the ver-
tical or inclined drain, a conservative (high) value of anisotropy of perne-
ability of the soil should be used in order to prevent the seepage fromflow
ing over the top of the drain (see figure 8-11). If the damis located where
earthquake effects are likely (see paragraph 8-6) , the vertical (or inclined)
drain should extend the full height of the dam The width of the vertical (or
inclined) drain is controlled by the availability of materials and the dis-
charge requirements of the drain. A vertical (or inclined) drain width of
6 ft is the practical mninum for earth-noving and conpaction equipnment (U S
Arny Engineer District, Kansas City 1974 and U S. Arny Engineer District,

Phi | adel phia 1974). When filter or drain material is not available locally and
must be hauled to the site at a substantial cost, a narrow (3 ft or greater)
vertical drain may be constructed by excavating into the core material, back-
filling, and conpacting with vibratory equipnent (U S. Arny Engineer District,
Mobile 1965, U S. Arny Engineer District, Tulsa 1974). The width of the ver-
tical drain nust be sufficient to satisfy the discharge requirenents. Hori-
zontal drains are located under the downstream section of the dam and convey
seepage fromthe vertical (or inclined) drain and underseepage fromthe
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STRINGER OR FINGER DRAIN

CORRECT WAY INCORRECT WAY

Figure 8-11. Use of stringers or finger drains as an alternative
to a continuous horizontal drain (prepared by WES)

foundation to the toe of the dam  The thickness of the horizontal drain nust
be sufficient to satisfy the discharge requirenments. \Wen filter or drain
material is not available locally and nust be hauled to the site at substantial
cost, a thin (2 ft or greater) horizontal drain has been used (U S. Arny Engi-
neer District, Tulsa 1975 and U S. Arny Engineer District, Louisville 1974).
Stringers or finger drains may be used as an alternative to a continuous hori-
zontal drain, as shown in figure 8-11, when the drain material is costly. The
cross-sectional area of the stringer drains nust be sufficient to satisfy the
di scharge requirenents. The stringer drain may be constructed either by
trenching into the enbankment or foundation for narrow (6 ft) widths or by
placing the adjacent inpervious fill and then the drain material for wi der

(50 ft) widths (U S. Arny Engineer District, Kansas Gty 1974, 1978). In
either case, the side slopes of the stringer drains should be sloped instead of
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vertical (see figure 8-11) to avoid stress concentrations which could cause
vertical transverse cracks. The stringer drain material nust be thoroughly
conpacted (see paragraph 8-4c) to ensure that consolidation does not occur upon
saturation |eaving an open seepage conduit in the top of the trench, bridged by
the overlying enbanknment, and susceptible to progressive erosion (Jansen 1980).
The downstream end of horizontal drains and stringer drains nust be able to

di scharge freely and nust be protected against siltation and erosion. This may
be acconplished by providing a weighted filter (riprap overlying bedding mate-
rial) or a toe drain as shown in figure 8-12 (U S. Arny Engineer District,
Mobile 1965 and U S. Arny Engineer District, Tulsa 1975). The toe drain has
the advantage of |ower maintenance requirenents and preventing the devel oprment
of localized wet areas at the surface along the downstream toe of the
embanknent .

8-6. Seepage Control Against Earthquake Effects. For dans |ocated where
earthquake effects are likely, there are several considerations which can |ead
to increased seepage control and safety.- The core material should have a high
resistance to erosion (Arulanandan and Perry 1983). Relatively wide transition
and filter zones adjacent to the core and extending for the full height of the
dam can be used. Additional screening and conpaction of outer zones or shells
will increase perneability and shear strength, respectively. Geonetric con-
siderations include using a vertical instead of inclined core, w der dam crest,
increased freeboard, and flatter enbanknent slopes, and flaring the enbankment
at the abutments (Sherard 1966, 1967).
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Birlp Line

DETAIL A

SCALE ("8

a. Weighted filter (courtesy of U S. Arny
Engi neer District, Mobile®’)

Existing Ground or
i Tap of semi-compocted fiit

A

=

108 droin in a stroight line end m.

See Deroll A between monhoies.
> At

JOE DRAIN DETAIL
Scele: lin.e 3,
@\-——rz? 8ir. coated perforated CM.P.
. P loe droin wropped fitaw clorh.
m’ s

b. Toe drain (courtesy of U S Arny Engineer District, Tul salls)

Figure 8-12. Protection of downstream end of horizontal and
stringer drains
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CHAPTER 9
SEEPAGE CONTROL | N EARTH FOUNDATI ONS
9-1. Ceneral. Al danms on earth foundations are subject to underseepage

Seepage control in earth foundations is necessary to prevent excessive uplift
pressures and pi ping through the foundation (seepage control in earth abut-
nments is given in Chapter 10). The purpose of the project, i.e., long-term
storage, flood control, hydropower, etc., may inpose limtations on the allow
able quantity of seepage. Generally, siltation of the reservoir with tine

will tend to dimnish underseepage (U. S. Arny Engineer Division, Chio River
1945). Conversely, the use of some underseepage control methods such as relief
well's and toe drains may increase the quantity of underseepage (Sowers 1962).

9-2. Selection of Method for Seepage Control. The methods for control of
under seepage in dam foundations are horizontal drains, cutoffs (conpacted back-

fill trenches, slurry walls, concrete walls, and steel sheetpiling(”), up-
stream inpervious blankets, downstream seepage berns, toe drains, and relief
wells. To select an underseepage control nethod for a particular dam and
foundation, the relative merits and efficiency of different methods should be
eval uated by neans of flow nets or approximte nethods as described in

Chapter 4 and Appendix B, respectively. As shown in table 9-1, the changes in
the quantity of underseepage, factor of safety against uplift, and uplift pres-
sures at various |locations should be determ ned for each particular dam and
foundation. Since the anisotropy ratio of the foundation has a significant
influence on the results of the underseepage analysis, this parameter should be

varied as appropriate (;% =1, 10, 25, 100} to cover the possible range of

expected field conditions.

9-3. Horizontal Drains. As nmentioned previously in Chapter 8, horizonta
drains are used to control seepage through the enbanknent and to prevent
excessive uplift pressures in the foundation. As shown in figure 9-1, the use
of the horizontal drain significantly reduces the uplift pressure in the foun-
dation under the downstream portion of the dam The conmputation of uplift
pressure was illustrated previously in figure 4-15. Figure 9-1 al so shows
that the horizontal drain increases the quantity of seepage under the dam

9-4, Cutoffs

a. Conplete Versus Partial Cutoff. When the dam foundation consists of
a relatively thick deposit of pervious alluvium the designer nust decide
whether to make a conplete cutoff (conpacted backfill trench, slurry trench,
or concrete wall) or allow a certain anpunt of underseepage to occur under
controlled conditions (partial cutoff, upstream inpervious blanket, downstream
seepage berm toe trench drain, or relief walls), In some cases, where the
alluviumis not very deep or the water is very valuable, it may be obvious

(1) Steel sheetpiling is not reconmended to prevent underseepage but is used
to confine the foundation soil and prevent piping

9-1
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Table 9-1. Selection of Underseepage Control Method

Changes in i (a)
Quantity of F = TE_ Uplift Pressure
Method Underseepage S e Under Dam Toe of Dam Downstream of Dam

Horizontal Drain

r -r—-————H—~"H—"/'"—F/"-""""""""""—""=—""—"= =
Complete Cutoff | Fill in table for each particular

Partial Cutoff :dam and foundation. Vary the

I
|
Upstream Impervious Blanket | permeability anisotropy of the I
Downstream Seepage Berm K |
Toe Drain { foundation (jii =1, 10, 25, lOOj as appr0priate.|

Relief Wells e — -

(a) Factor of safety against uplift at downstream toe of dam given by the ratio of the
critical hydraulic gradient to the vertical component of the exit gradient.

(prepared by WES)
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Figure 9-1. Influence of horizontal drain on uplift pressure
(prepared by VES)

after relatively little study that a conplete cutoff is justified. For

exanpl e, the hydropower requirenents of the C arence Cannon Dam M ssouri,
indicated that a complete cutoff was required to sustain power requirenents
during periods of little or no rainfall (U S Arny Engineer District,

St. Louis 1969). In many cases, where the cost of a conplete cutoff is great
and where the ambunt of underseepage without a conplete cutoff is problemti-
cal, the decision is not easy. Factors which govern the decision for the type
of underseepage control measure to be used are (Sherard 1968):

(1) Economic conparison of the value of the water or hydropower which
may be |ost versus the cost of the conplete cutoff.
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(2) The resistance of the foundation alluviumwith respect to potenti al
progressive backward erosion of |eaks or piping. [If the foundation contains
| ayers of fine sand or cohesionless silt, and particularly if these soils are
exposed on the surface of the valley floor or walls, a conplete cutoff is nore
desirable than if the foundation is basically gravelly (or even coarse sand).
If a large leak develops in a relatively coarse alluvium in all probability
it will be safe against progressive backward erosion, but even a small con-
centrated |eak energing below the damin fine cohesionless soils can be
hazar dous.

(3) If the tailwater conditions are such that ponds of water exist
downstream of the dam so that underseepage woul d energe underwater and coul d
not be observed, it is desirable to be nore conservative in evaluating the
need for a conplete seepage cutoff.

(4) The anmpunt of silt and clay sized particles in suspension in the
river water which contributes to siltation of the reservoir with time and
tends to dimnish underseepage.

Theory and nodel tests indicate that it is necessary for a cutoff to penetrate
a honogeneous isotropic foundation at |east 95 percent of the full depth before
there is any appreciable reduction in seepage beneath an earth enbankment as
shown in figure 9-2 (Telling, Menzies, and Coulthord 1978; and Mansur and
Perret 1949). The effectiveness of the partial cutoff in reducing the quan-
tity of underseepage decreases as the ratio of the width of the damto the
depth of penetration of the cutoff increases (see figure 9-2). Partial cut-
offs are effective only when they extend down into an intermediate stratum of
| oner perneability. This stratum nust be continuous across the valley founda-
tion to ensure that three-dinmensional seepage around a discontinuous stratum
does not negate the effectiveness of the partial cutoff.

b. Efficiency of Cutoffs. The effectiveness of the cutoff is assessed
either in ternms of the flow efficiency (Casagrande 1961)

Qo -Q
Eq = -
q q (9-1)
wher e
Eq= flow efficiency of cutoff
Q, = rate of underseepage w thout cutoff
Q= rate of underseepage with cutoff
or head efficiency (Lane and Whlt 1961)
h
E "% (9-2)
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wher e

m
T
1

head efficiency of cutoff

h = head | oss between points i medi ately upstream and downstream of the
cutoff wall at its junction with the base of the dam

H= head | oss across the dam

The head efficiency is nore widely used because the field perfornance nay be
establ i shed from pi ezonetric data taken during construction, before and during
initial filling of the reservoir, and subsequently as frequently as necessary
to determ ne changes that are occurring and to assess their inplications with
respect to safety of the dam as described in Chapter 13. The flow efficiency
may only be approximated since the rate of underseepage without the cutoff
cannot be directly established and since it is difficult to measure the rate

of underseepage with the cutoff because, except for special cases, only part

of the underseepage di scharges at the ground surface i mmedi ately downstream of
the dam (Telling, Menzies, and Sinons 1978a and Marsal and Resendiz 1971). The

flow efficiency of a conpacted backfill partial cutoff in a foundation of
perneabl e soils of noderate thickness overlying an inpervious rock is shown in
figure 9-3. This figure also illustrates the high seepage gradients that occur

along the base of the cutoff and on its downstreamface in both the foundation
and enbanknment zones. Suitable filters nust be provided to prevent piping of
soil at faces A-B-Cin figure 9-3a and 9-3b (Cedergren 1977 and Kl ohn 1979).
As shown in figure 9-4, a partial cutoff in a honbgeneous isotropic foundation
will lower the line of seepage in the downstream enbanknent sonewhat but exit
gradients at the downstreamtoe (as reflected by the distance between the

equi potential lines) are reduced only slightly (Cedergren 1973). \Wen the

pervious foundation is cut off by a conpacted backfill or slurry trench,(l) t he
rate of underseepage may be estinmated by (Anbraseys 1963 and Marsal and
Resendiz 1971)

Q
R - BlKo . (9-3)
0.88 + 5 +-(E— - 1) 5
wher e
Q, = rate of underseepage in n?/set per running nmeter of dam
Ko = perneability of the foundation in nfsec

(1) Thi s approach neglects the contribution of the filter cake that forns on
the trench walls to the overall slurry trench perneability. Wen the
perneability of the backfill placed in the trench is high, the overal
slurry trench perneability will be controlled by the filter cake
(D Appol onia 1980).
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H = head of water in the reservoir in m
B = width of the base of the damin m
D = thickness of the foundation in m
k = perneability of the conpacted backfill or slurry trench backfill in
m sec
E = thickness of the cutoff in m

For a concrete wall or steel sheetpiling with defects (openings in the cutoff)
the rate of underseepage per unit length of cutoff is given by (Arbraseys 1963
and Marsal and Resendiz 1971)

Yo = (9-4)
KH B D E i
o 0.88+5+<W-—]> -5
wher e
W= total area of openings in nf
Figure 9-5 conpares the rate of underseepage for an inpervious upstream
bl anket, conpacted backfill trench or slurry trench, and concrete wall or
steel sheetpiling with defects. As shown in figure 9-5, the rate of
under seepage loss is the sane for an inpervious upstream bl anket as for a
K
conpacted backfill trench or slurry trench provided B = EQ -1} E.
K
If Kis relatively high, assum ng Eg = 50 gives B =49 E . Such conmpu-
tations allow prelimnary cost estinates to be made to determ ne whether an
i mpervious upstream blanket is preferable over a conpacted backfill trench or

slurry trench. Figure 9-6 can be used to deternmine the relative magnitudes of
the length of the inpervious upstream bl anket, the thickness of the conpacted
backfill trench or slurry trench, or the area of the defects (openings) in the
concrete wall or steel sheetpiling that would result in the sane rate of

under seepage for a given dam

c. Conpacted Backfill Trench. The npbst positive method for control of
under seepage consists of excavating a trench beneath the inpervious zone of the
enmbankment through pervious foundation strata and backfilling it with conpacted
impervious material. The conpacted backfill trench is the only nethod for
control of underseepage which provides a full-scale exploration trench that
allows the designer to see the actual natural conditions and to adjust the
design accordingly, permts treatnent of exposed bedrock as necessary, provides
access for installation of filters to control seepage and prevent piping of
soil at interfaces, and allows high quality backfilling operations to be car-
ried out (U S. Arny Engineer District, St. Louis 1969 and Cedergren 1977).
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Figure 9-3. Efficiency of a conpacted backfill trench partial cutoff
in reducing the quantity of underseepage (courtesy of John WIley
and Sons™®)
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Figure 9-4. Effect of depth of penetration of partial cutoff on

the height of the line of seepage in the downstream enbankment
and exit gradient at the toe for a horrogeneollfrj1r i sotropic

foundation (courtesy of John Wley and Sons )

9-9



EM 1110-2-1901
30 Sep 86

0.3 ) \

0.2 +— \
\
--~J~_§§-
0.1 +—
0
o} 1 2 3 4q 5 [ 7 9

Md_f‘ XY/l

ﬁ___+__‘JL*,4 . H.
' fo ke Be . 0 P wgE Al
77 rece TTT7 T, Ccecadi b el

| npervious upstream Conpacted back Concrete wall or
bl anket fill or slurry steel sheetpiling
trench

Figure 9-5. Rate of underseepage |oss for inpervious
upstream bl anket, conpacted backfill trench or slurry
trench, and concrete wall or steel sheetpiling with
defects (courtesy of Anmerican Society of Gvi

Englneers %

Material and conpaction requirenents are the same as those for the inpervious
section of the dam (EM 1110-2-1911). \Wen constructing a conplete cutoff (see
para 9-4a), the trench nust fully penetrate the pervious foundation and be
carried a short distance into unweathered and relatively inperneable foundation
soil or rock. To ensure an adequate seepage cutoff, the base width should be
at least one-fourth the maxinum difference between the reservoir and tailwater
el evations but not less than 20 ft, and should be wider if the foundation
material under the cutoff is considered marginal in respect to inperviousness.
As previously nentioned (see para 9-4b), high seepage gradients occur along the
base of the cutoff and on its downstream face in both the foundation and
enbankment zones. Suitable filters nust be provided (see Appendix D for design
of filters) to prevent piping of soil at these interfaces. The trench
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Figure 9-6. Relationships among the length of the

i npervi ous upstream bl anket, the thickness of the
conpacted backfill trench or slurry trench, or the
area of defects in the concrete wall or steel sheet-
piling, for a given rate of underseepage |oss

(courtesy of Anmerican Society of Civil Engineer5218)

excavation nust be kept dry to permt proper placenment and conpaction of the

i npervious backfill. Dewatering systems of wellpoints or deep wells are
general |y required during excavation and backfill operations when bel ow
groundwater levels (TM 5-818-5). Because construction of an open cutoff trench
with dewatering is a costly procedure, the trend has been toward use of the
slurry trench nethod of construction (EM 1110-2-2300 and Cedergren 1977)

d.  Slurry Trench

(1) Introduction. When the cost of dewatering and/or the depth of the
pervious foundation render the conpacted backfill trench too costly and/or
inpractical, the slurry trench cutoff may be a viable nethod for control of
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underseepage. Using this nmethod, a trench is excavated through the pervious
foundation using a sodium bentonite clay (or Attapulgite clay in saline water)
and water slurry to support the sides. The slurry-filled trench is backfilled
by displacing the slurry with a backfill material that contains enough fines
(material passing the No. 200 sieve) to nake the cutoff relatively inpervious
but sufficient coarse particles to mnimze settlenment of the trench formng a
soil -bentonite cutoff (sonetines called American nethod). Alternatively,
cement may be introduced into the slurry-filled trench which is left to set or
harden formng a cenent-bentonite cutoff (sometinmes called a grouted di aphragm
wall or Coulis wall or European nmethod). The slurry trench cutoff is not
recomrended when boul ders, talus blocks on buried slopes, or open jointed rock
exist in the foundation due to difficulties in excavating through the rock and
slurry loss through the open joints. Were a slurry trench is relied upon for

seepage control, the initial filling of the reservoir must be controlled and
pi ezoneters | ocated both upstream and downstream of the cutoff nust be read to
deternmine if the slurry trench is performing as planned. |If the cutoff is

ineffective, renedial seepage control neasures (see Chapter 12) must be
installed prior to further raising of the reservoir pool (KM 1110-2-2300).

(a) Hstory of Use. The first use of the slurry trench method of con-
struction was by the U S. Arny Engineer District, Mnphis, in Septenber 1945
to forma partial cutoff along the Mssissippi Rver |evee on the Arkansas
side of the river just bel ow Menphis, Tennessee (Clay 1976 and Kramer 1946)
The idea for the project probably evolved fromthe use at that time of puddle
clay trench cutoffs conbined with the use of drilling mud for advancing
borings. A paddl e wheel m xing device was constructed for making slurry from
native clays. Trenches were dug to a 20-ft depth using a trenching machi ne and
to a 35-ft depth using a dragline with a 100-ft boom and 2-cu-yd bucket.
Backfill was mixed in windrows at the site fromhaul ed-in clay gravel and
native naterials and pushed into the trench by a bulldozer when the | ength of
the trench was equal to about twice the trench depth. BG Hans Kraner foresaw
the use of the slurry trench nethod for the construction of cutoffs for earth
dans. It is anmmzing that after 38 years, the technique is still about the same
as it was when first developed by the Menphis District. A soil-bentonite
cutoff was constructed under the Kennew ck Levee adjacent to the Colunbia R ver
as part of the McNary Dam Project in Washington by the Walla Walla District in
1952 (Jones 1961). The first application of a soil-bentonite slurry trench
cutoff for control of underseepage at a mmjor earth damwas at \Wanapum Dam on
the Colunmbia River in Washington in 1959 (La Russo 1963). Subsequently, soil-
bentonite cutoffs have been used for control of underseepage at a nunber of
dans as shown in table 9-2. The cenent-bentonite slurry trench cutoff was
first used to tie into the abutnment zones at the Razaza Dam on the Euphrates
River in lrag in 1969 (Soletanche 1969). Subsequently, cenent-bentonite cut-
offs were installed as remedi al seepage control neasures through the enbank-
nment and foundation of four existing dans in Mexico from 1970 to 1972
(Sol etanche 1970, 1971, 1971-1972, 1972). As shown in table 2, the first
cenent-bentonite cutoff in the United States was constructed at the Tilden
Tailings Project to store tailings fromthe Tilden Mne in Mchigan in 1976
(Meier and Rettberg 1978). The first cenent-bentonite cutoff constructed at a
damon a river retaining a reservoir in the United States was conpleted in
1978 at the Elgo Dam (fornerly the San Carlos Dam) in Arizona (Anonynous 1978
and MIller and Sal znan 1980).
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Table 9-2. Comparison of Slurry Trench Cutoffs
Max. Cutoft Max,
Differencial Max. Head
Date Head Width Depth Cutoff
Project Location Owner Constructed Foundation Material ft ft ft Location Width Reference
Soil-Beatonite Slurrv Trench
Keanewick Levee, Columbla River, Corps of Engineers 1952 Sandy or silty pgravel with 15 & 22 Center of 2.5 Jones 1961
MeNary Dam Wash. zones of open gravel dam
Wapapum Dam Columbis River, Public Utility 1962 Sandy gravels and gravelly a8 10 80 Center of 8.8 La Russo 1963
Wash. Districe 2, Granmt sands underlain by open dam
County, Wash. work gravels
Wells' Dam Columbia River, Public Utility 1964 Pervious gravels 70 8 80 Center of 8.8 Jones 1967
Wash. District 1, dam
Douglass County,
Wash.
Yards Creek Hew Jersey Puhlic Service 1964 Sands, gravels, cobbles, 55 8 40 Center of 6.9 Jones 1967
Lower Reservoir Electricity and and boulders dam
Gas
Comanche Dam = Mokelumme East Bay . 1966 Upper stratum of clayey 45 ] 95 Upstream 5.6 Anton and
Dike 2 River, Calif. Municipal District silts, silts, and clayey of toe of Dayton 1972
sands. Lower stratum of dam
sand over zone of gravel
West Point Dan Chattahoochie Corps of Englneers 1966 Upper stratum of alluvial 61 5 60  Upstream 12.2  U.S. Army
River, Ca. soil, alternating layers toe of dam - Enmgr. Dist,
and Ala. of clay, sile, sand, and Savannah
gravel. Lower stratum of 1968, 1979
residueal soil, brown
silty sand
Saylorville Des Moines Corps of Engineers 1969 Surface zone of sandy clay. 93 8 65 Upstream 11.6 Harza 1965,
Dam River, Iowa Lower stratum of sand and toe of dam U.S. Army
gravel Engr. Dist,
Rock Island
1978
MLl Site Ferron Creek, Soil Conservation 1969 Sandy gravel 73 8 68  Upstream 9.1 Hanson 1972
Dam Utah Service roe ol dam
Flum Creek Plum Creek, Soil Conservation 1973 Sands, gravelly sands, 54 S 40 Center of 10.8  Knabach and
Dan Wis. Service silty gravels, silty saunds dam Dingle 1974
Upper Big Upper Big Soil Consgervation 1978 Sands and gravels 62 & 40 Center of 15.5 Bloom, Dynes,
Blye Dam Blua River, Service dam Glossett
1nd. 1979
Addicks Dax{®®  Buffalo Bayou, Corps of Engineers 1979 Silty sands 10 3 70 vartes 10.0  U.5. Ammy
Tex. Engr. Dist,
(8) Sandy clay, cl nd 24 Galveston
Barker Dam Buffalo Bayou, Corps of Engineers 1979 y c¢lay, clayey sand, 3 5% Center of 8.0 1983
Tex. ailry sand (same
for Barker Dam)
Cement-Bentonite Slurry Trench
Tilden Tilden Mine, Cleveland-Cliffs 1976 Sand interspersed with gravel 100“’) 2 80 Upstream $0.0 Meier and
Tailings Mich. Iron Company toe of dam Rettberg
1978
Elgo Dam San Carlos San Carlos Apache 1978 Sands and gravels 66 3 68 Center of 22.0 Miller and
(formerly River, Aris. Tribe dam Salzman 1980
San Carles .
Dam)

(=) Slurry trench cutoff instaliled as remedial seepage control for existing dam {see Chapter 12).
® Planned maximum differenttal head when tailings dam {s at final height (45 ft in February 1983).
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(b) Patents. The soil-bentonite slurry trench cutoff was covered by
United States Patent No. 2,757,514 dated August 7, 1956, "Method of Forming an
| npermeable Wall in the Terrain,” in the nanme of Harold T. Watt. This patent
expired in 1973. The cenent-bentonite slurry trench cutoff is covered by
United States Patent No. 3,759,044 dated Septenber 18, 1973, "Method of Earth
Wall Construction Using Cenentitious Bentonite Mid," in the name of C aude
Caron and Jean Hurtado, both of France, assignor to Sol etanche, Paris, France

(c) Conparison of Soil-Bentonite and Cenent-Bentonite Slurry Trench
Cutoffs. A conparison of soil-bentonite and cement-bentonite slurry trench
cutoffs is given in table 9-3. The soil-bentonite slurry trench cutoff is
generally the nost economical if the cost of backfill is not prohibitive. For
deep cutoffs where the foundation is prone to failure during excavation, the
cenent-bentonite slurry trench cutoff is nore applicable.

(d) Location of Cutoff. Normally, the slurry trench should be |ocated
under or near the upstreamtoe of the dam (EM 1110-2-2300). An upstream
| ocation provides access for future treatnment provided the reservoir could be
drawn down and facilitates stage construction by permtting placement of a
downstream shel | followed by an upstream core tied into the slurry trench. For
stability analysis, a soil-bentonite slurry trench cutoff should be considered
to have zero shear strength and exert only a hydrostatic force to resist
failure of the embankment (U. S. Arnmy Engineer District, Savannah 1968). I|f
the slurry trench is located under a central core, consolidation of the slurry

trench backfill conbined with arching of the core nmaterial inmediately above
the slurry trench may result in the opening of a cavity under the dam with
possi bl e | eakage along the contact. If a central location for the slurry

trench is dictated by other factors, some possible benefits are obtained by
flaring the top of the trench to provide a transition between the cutoff and
the core. Also, the slurry trench can be constructed and allowed to settle

bef ore placenent of the enbankment (Jones 1967 and Jansen 1968). Wien the
groundwater table is located sone distance beneath the ground surface, it is
usual Iy more economical to excavate a conventional open trench with stable side
slopes with the trench bottom a few feet above the highest |evel of ground
wat er expected during the construction period, as was done at West Point Dam

Al abama and Georgia (U S. Arny Engineer District, Savannah 1968). The bottom
of the open trench provides a working level from which the slurry trench may be
constructed. Also, this prevents the problem of significant amunts of slurry

being lost into the excavated trench above the ground-water table. If the
ground-water table is located near the ground surface, conpacted inpervious
fill should be placed in order to raise the level of the slurry trench to

maintain the level of slurry in the trench a sufficient distance above the
ground-wat er |evel (Jones 1967).

(e) Stability of the Trench. In cohesionless soils the penetration of
the slurry into the wall of the slurry trench excavation forns a relatively
i mpervious filter cake on which the hydrostatic pressure of the slurry can
act. The depth of penetration ranges from1l to 3 in. in sand, 3 to 6 in. in
sand and gravel, and up to 12 in. in gravel, depending on the gradation. The
mai n stabilizing force supporting the slurry trench excavation is the hydro-
static pressure exerted on the trench walls. For a slurry trench excavated in
a honogeneous clay, remaining open only for a few days to pernit placenent of
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Table 9-3. Comparison of Soil-Bentonite and Cement-Bentonite Slurry Trench Cutoffs(?)

Item

Soil Bentonite Slurry Trench Cutoff

Cement-Bentonite Slurry Trench Cutoff

1.

Excavation

Slurry

Backfill

Properties of completed cutoff:
a. Permeability

b. Strength

¢c. Consolidation

Susceptible to attack by
sulphates or other chemicals
in groundwater

Relative cost

Patent applicable

<
Long slope of backfill requires trenching con-
tinuously in one direction.

Can accommodate interruptions in construction.

Difficult to work with coarse gravels, with
backhoe and/or dragline, which settle out and
accumulate on the trench bottom reducing the
certainty of a tight seal.

Wider trench required to prevent segregation dur-
ing backfilling (> 3 ft) and prevent piping
failure of the slurry trench backfill into the
adjacent soil downstream of the cutoff (1 ft
width for each 10 ft of differential head)

Mixture of bentonite and water used to support
excavation during trenching. Slurry displaced by
backfill is desanded and reused. Upon completion
of trench, unused slurry must be disposed of in
an environmentally acceptable fashion.

Mixture of slurry plus excavated material from
trench and/or imported select backfill materials

= 107’ cm/sec (> 1 percent bentonite)

Little field data available - assumed zero for
design purposes.

Some consolidation with time.

No

Generally lower if cost of backfill is not
prohibitive (see 3)

No (expired 1973)

Construction sequence is more flexible to meet site
constraints.

Excavation for each panel should progress uninter-
rupted so each panel 1is completed before the slurry
begins to set.

Easier to remove coarse gravels with clam shell
mounted on a rigid Kelly bar, from trench trench
bottom. Better suited for excavation in areas
prone to failure.

Narrower trench (2 - 3 ft) may be used.

Mixture of cement, bentonite, and water used to
support excavation for panel and later sets to form
permanent backfill. No disposal or desanding of
slurry required.

None (see 2). Therefore'not dependent on availa-
bilityor quality of soil for backfill and more
suitable for work in confined areas.

= 10_6 cm/sec

15 - 20 1bs/sq in. unconfined compressive strength.
Will support construction loadings or future
structures after several weeks.

No significant consolidation with time.

Yes - cement may be.

Generally higher due to cost of cement. More
competitive as depth of trench increases due to
narrower trench width required.

Yes (United States Patent No. 3,759,044 dated
September 18, 1973)

(a)Courtesy of Engineering Consfrucg%?n International, Inc

P

132,249

American Society of Civil Engineers

222,
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backfill material, the factor of safety against instability is (Nash and Jones
1963)
4 c,
S O] (9-9)
S
wher e

F = factor of safety
C, = undrained cohesion
H= depth of the trench
Yy = unit weight of the soi
Y_ = unit weight of the slurry

s

For a slurry trench excavated in dry cohesionless soil (Nash and Jones 1963)

0.5
2(y x Ys) tan @

F = — (9-6)
Y YS
where @ = angle of internal friction.
For a slurry trench excavated in a saturated cohesionless soil wth the
ground-water table and slurry level in the excavation both at the ground
surface (Nash and Jones 1963)
2(y" x Y; )O'5 tan @
F = { E— (9-7)
Y YS
wher e
vy' = effective unit weight of the soi
y; = effective unit weight of the slurry
P = effective angle of internal friction
For arbitrary levels of ground water and slurry in cohesionless soil, as shown

in figure 9-7a, a slightly conservative (neglects arching effect of short
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trenches and stabilization of the soil adjacent to the trench face due to
slurry penetration and gelation) estimate of the slurry density required to
ensure stability of the trench is (Mrgenstern and Amr-Tahmasseb 1965)

nzY %— cot ¢(sin @ - cos @ tan @') + m2 cosec O tan ¢'

Y cos & + sin O tan @'

wher e
n = defined in figure 9-7a
Y = unit weight of the slurry
Y, = unit weight of water
Y = unit weight of the soi

@ = angle of inclination of the wedge of soil at the point of slipping,
in practice assumed to be equal to 45" + @'/2

@' = effective angle of internal friction
m = defined in figure 9-7a

Equation 9-6 nay be solved by use of the nonbgraph shown in figure 9-7b
(Duguid et al. 1971).

(2) Slurry. The slurry has three basic functions in slurry trench
construction (Ryan 1977):

. To hold the trench open and naintain a stable excavation.

. To be fluid enough to permt passage of the excavating equip-
nent and to allow placenent of the backfill (for the cenent-bentonite slurry
trench, there is no backfill).

. To forma filter cake to enhance the | ow perneability of the
conmpl eted trench

(a) Materials. As a general rule sodiumnontnorillonite in powder form
(Womi ng-type bentonite) is used for slurry trench construction. However,
when salt water is present Attapulgite clay is used to avoid flocculation
(Spooner et al. 1982). Specifications for both bentonite and Attapulgite are
given by the American Petroleum Institute (American Petroleum Institute 1981).
Each shipnent of bentonite or Attapul gite should be checked for conpliance with
the specifications. At Saylorville Dam lowa, changes in slurry properties
were traced to |lower quality bentonite which was mined fromdifferent beds
(U S. Arny Engineer District, Rock Island 19788). No chemcally treated
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bentonite should be used for slurry trench construction. The pH of the water
used for mxing with the bentonite should equal 7.0 £ 1.0. Water hardness
shoul d not exceed 50 ppm (parts per million). Total dissolved solids should

not exceed 500 ppm The ampunt of oil, organics, or other deleterious sub-
stances should be linmted to no nore than 50 ppm each (Stanley Consultants,
Inc., and Wodward-Cdyde Consultants 1977). If the use of poor quality water

cannot be avoided, it will require nore bentonite and longer mxing times to
achieve the desired properties.

(b) Mxing. The nmethods used to prepare the hentonite slurry vary with
project size and layout. Always add the bentonite to the water, never the
water to the bentonite. For small jobs the batch systemis used where
specific quantities of water and bentonite are placed in a tank and nixed at
hi gh speeds with a circul ati onpunp or paddle mxer and the slurry is dis-
charged into the trench. Mxing is usually conplete in a matter of mnutes
for the 2- to 5-cu-yd batch produced by this method. The nost commonly used
nethod is the flash or Venturi mxer and circul ati on ponds which is well
adapted for bulk handling of large slurry volumes. A flash nmixer introduces
dry bentonite into a turbulent water jet which discharges into a | ow speed
circulation pond. Wen Marsh Funnel viscosity readings stabilize, the slurry
is stored in a second pond prior to using the trench (Spooner et al. 1982 and
D Appol onia 1980).

(c) Properties. Tests of bentonite quality nust be conducted for each
rail car or truck load delivered. The m ninum acceptable viscosity of a slurry
made with the bentonite is 40 seconds Marsh funnel viscosity at 65° F.  The
fresh slurry shall have a mnimm Marsh funnel viscosity of 40 seconds at 65° F
and a pH of from7 to 10, a bentonite content of from3 to 7 percent by dry
wei ght (depending on the grade of bentonite), a unit weight of from1.0 to
1.04 g/cni (about 65 Ib/ft?), and the filtrate or water |oss shall not be
greater than 20 at 100 Ib/in.? x cnf in 30 minutes (Spooner et al. 1982 and
U S Arny Engineer District, Savannah 1968). The slurry in the trench should
be sanpled at least twice daily with sanples taken fromthe top of the trench
and at 10-ft vertical, 50-ft horizontal intervals along the trench center Iine.
During all stages of construction the mni num acceptable viscosity of the
slurry shall be 40 seconds Marsh funnel viscosity at 65° F. The mninum
in-trench slurry unit weight is based upon trench stability considerations (see
Equation 9-8 and Figure 9-7). The maximumin-trench slurry density is 85/ft?
to avoid buildup of sedinment beyond the slurry capacity to hold it in suspen-
sion in the trench during excavation (Cough 1978).

(d) Quality Control Testing. In order to mix and naintain a proper
slurry to hold the trench open during excavation and forma filter cake for
the soil-bentonite slurry trench, quality control testing nust be perforned.
The property, frequency, standard (if any), and specified value for slurries
and their conponents are given in table 9-4. The quality of the mixing water
used can influence the slurry trench characteristics. |If the specific values
for mxing water quality are not nmet, the bentonite will flocculate and settle
out and not formthe filter cake on the sides of the trench. Poor quality

mxing water will increase the set time for cenent-bentonite slurry trench
cutoffs. The bentonite is tested to be sure it will have the m nimm viscos-
ity required to keep the soil in suspension. The slurry is tested both after

9-19



0¢-6

Table 9-4. Summary of Quality Control Tests for Slurry Trench Cutoff
Category or Material Property Frequency Standard Specified Value

Mixing Water pH Once per month API RP 13B(a) 7.0 + 1.0

Hardness Once per month API RP 13B < 50 ppm

Total dissolved solids Once per month API RP 13B < 500 ppm

0il, organics, etc. Once per month APT RP 13B < 50 ppﬁ each
Bentonite Viscosity Each railroad car or truck load API RP 13A > 40 seconds at 65°F
Bentonite slurry (after Viscosity Twice per day API RP 13B > 40 seconds at 65°F
mixing) pH Twice per day APLRP 13A 7 - 10

Bentonite content Twice per day Noneog 3 - 7 percent

Unit weiglit Twice per day API RP 13B 1.01 - 1.04 g/cm3

Filtrate or water loss Twice per day API RP 13B > 20 cm3 at 100 psi in 30 min
Bentonite slurry (in trench) Viscosity Twice per day API RP 13B > 40 seconds at 65°F

Unit weight Twice per day API RP 13B minimumca-SS pcf
Cement Slump Twice per day ASTM C-lhBGO 2 -5 in.
Cement-bentonite slurry Viscosity Twice per day APT RP 13B 40-50 seconds at 65°F
(after mixing) pH Twice per day API RP 13A 10 - 13

Bentonite content Twice per day None 4 - 7 percent

Unit weight Twice per day API RP 13B 1.03 - 1.04 g/cm3

Filtrate or water loss Twice per day APL RP 13B < 165 cm3 at 100 psi in 30 min

Cement/water ratio Twice per day None 0.17 - 0.20

(@) American Petroleum Ipstitute specification.

(b) Can be checked by evaporating the water from a known volume of slurry and weighing the remaining solids

(c) Minimum in trench slurry unit weight is based upon trench stability considerations.

(d).American Society for Testing and Materials Standard.
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mxing and in the trench to deternmine that it is dense enough to stabilize the
trench, but not so dense as to cause the backfill to settle too |oosely, and
that it has sufficient viscosity to maintain cuttings in suspension (Stanley
Consultants, Inc., and Wodward-d yde Consultants 1976).

(3) Excavation, Mxing, and Backfilling.

(a) Excavation. The preferred nethod of trench excavation depends upon
the required depth of the slurry trench cutoff, the nature of the subsurface
materials, and access to the trench at the ground surface. It is inportant to
ensure that the equiprment used can maintain a continuous excavation line to
the total depth required. At depths less than about 50 ft, backhoes are gen-
erally the nmobst rapid and l|east costly excavation nethod. Mdified backhoes
with an extended dipper stick, nodified engine, and counter-weighted frame can
excavate to about 80 ft deep. Draglines with weighted (> 10,000 |b) buckets,
whi ch have been used in the depth range 60 to 80 ft, have been replaced by nore
efficient extended backhoes. The clanshell bucket can excavate to depths in
excess of 150 ft. The clanshell may be mechanically operated attached to a
crane or hydraulically operated attached to a Kelly bar. On larger jobs, the
backhoe nay be used to excavate the first 50 ft followed by a clanshell bucket
to excavate the primary and secondary panels to the inpervious zone. Regard-
| ess of the equipnent used, it should be capable of excavating a trench of the
desired width in a single pass in order to obtain a fairly consistent trench
width. The bucket used should be nonperforated to allow retention and renova
of sand particles fromthe trench. The continuity of the trench is tested hy
passing the bucket or clanshell of the excavating tool vertically and horizon-
tally along each segnent of the trench before it is backfilled. Watever
excavation nethod is used, it is inportant that good commrunications are main-
tained with the operator of the excavation equi pment since abnornalities in
the trench excavation are usually noticed first by the equi pnent operator
(D Appol onia 1980; Spooner et al. 1982; Bloom Dynes, and dossett 1979; Case
International Conpany 1982; and Wnter 1978). Soil-bentonite slurry trench
cutoffs are excavated in a continuous trench as shown in figure 9-8a, while
cenent-bentonite slurry trench cutoffs are excavated in a continuous trench or
in short sections or panels as shown in figure 9-8b. The cement-bentonite
slurry begins to harden within 2 to 3 hours after mxing. Aternate panels
are excavated under a cenent-bentonite slurry and then allowed to partially
set. Intervening panels are excavated al so under a cenent-bentonite slurry
and a portion of the initial panel ends are renoved to ensure continuity
between adjacent panels. Construction delays can cause problens in setup of
cenent-bentonite slurry trench cutoffs because continued agitation of the
cenent-bentonite slurry (nmore than 24 hours) reduces the ability of the cenent
to set (Spooner et al. 1982).

(b) Bottom Treatment. The aquiclude used for the slurry wall founda-
tions should be continuous, and relatively free of fractures and other pervious
zones. The cutoff wall should extend a minimumof 2 ft into clay (or 1 ft into
rock) to prevent weathered zones, desiccation cracks, or other geol ogica
features frompermtting seepage under the cutoff (Spooner 1982). As the
trench is excavated, heavier soil particles such as sand and gravel fall to the
bottom of the trench. The anount of sand accunul ation on the trench bottom
depends upon the coarseness of the strata being excavated as well as the
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Bentonite
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a. Soil bentonite cutoff

Cement—bentonite slurry

Compieted primary panels

cement-bentonite
cutoff wali Next secondary panet

b. Cenent bentonite cutoff

Figure 9-8. Construction procedure for soil-bentonite
and cenent-bentonite cutoffs (courtesy of Anerican

Society of Civil Engi neer5222)

excavation technique used. Although this sand layer may not have a direct
effect on trench stability, it may adversely affect the perneability of the
slurry trench cutoff wall (Spooner 1982). An air lift punp should be used to
renmove the sand and gravel particles from the trench bottom prior to backfill-
ing. When the slurry trench is keyed into a soil aquiclude after the trench
bottom has been cleaned thoroughly, a mininum of one split-spoon sanple shall
be taken every 50 ft along the length of the trench to deternmine if additional
excavation is required (Wnter 1978).

(c) Backfill Mxing and Placenent. A minimm of one day is required
between trench excavation and backfilling in order to develop a |low perneabil-
ity filter cake on the trench walls (D Appolonia 1980). Stockpiled material
from the trench excavation and/or material from borrow areas are nixed and
bl ended by wi ndrowi ng, disc harrowi ng, bulldozing, or by blading to renove
lunps of clay, sand, or gravel. The backfill is then sluiced with slurry
(mxing with water shall not be pernmitted) and just prior to placement has a
consistency of a wet concrete with a slunmp of 5in. £+ 1 in. tested in
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accordance with ASTM C- 143 (Wnter 1978 and Ryan 1976). The backfill is
pl aced continuously from the beginning of the trench in the direction of the
excavation to the end of the trench. Free dropping of the backfill nateria

through the slurry would produce segregation and is not allowed. Depending on
the steepness of the excavated slope, it may be necessary to lower the initia

backfill to the bottomof the trench with a crane and cl anshel | bucket until a
sl ope at the angle of repose of the backfill has been formed fromthe bottom of
the trench to the top of the excavation. The toe of the backfill slope is kept

to within 50 to 150 ft of the |eading edge of the excavation to mnimze the
open length of the slurry-supported trench while allow ng enough space behind
the excavation for cleaning the trench bottom Additional backfill is placed
by a bulldozer in such a manner that the backfill enters the trench and slides
progressively down the slope of the previously placed backfill and produces a
slope ranging from 1V on 5H to 1V on 10H  The slope of the backfill shall be
neasured with soundings starting at the toe of the backfill in the bottom of
the trench and progressing up the backfill slope at 25-ft horizontal intervals.
A set of soundings shall be nade at least for every 25 ft horizontal advance-
ment of backfill placement. Once the natural slope of the backfill is estab-
lished during initial placenent of the backfill, the slope should remain nearly
the sane. |f the slope, or a portion of the slope, suddenly gets steeper, it
could be an indication that sediment is being trapped or that the backfill has
a pocket of relatively clean material (slurry not mxed in properly or was
washed out). If the slope suddenly gets flatter, it could indicate that a
pocket of slurry was trapped in the backfill or that the backfill does not
contain sufficient sand or coarser material (Stanley Consultants, Inc., and
Woodwar d- Cl yde Consultants 1976; Wnter 1978, and Ryan 1976).

(d) Tenperature During Construction. The mixing and placing of backfil
shall be limted to days when the air tenperature is not less than 20" F. Even
t hough the surface of the slurry trench freezes overnight, there will be no
difficulty breaking through the surface ice and continuing excavation during
the day. Frozen backfill or pieces of ice nust never be placed in the trench
(U S. Army Engineer District, Rock Island 1978a and Jones 1967).

(e) Protection of Top of Trench. The top of the conpleted slurry
trench cutoff should be immediately protected with a tenporary 2- to 3-ft-
thick blanket of noist inpervious fill material to prevent drying of the
backfill and formation of shrinkage cracks al ong which paths of seepage could
easily develop. The layer is tenporary and is renmoved once the enbanknent
construction is started (Jones 1967; Stanley Consultants, Inc., and \Wodward-
Clyde Consultants 1977).

(4) Soil-Bentonite Slurry Trench Cutoff.

(1) American Society for Testing and Materials standard. |f a desirable back-
filled slope (1V on 5Hto 1V on 10H cannot be maintained in the trench
with a5in = 1in. slunmp, the slump may be altered to neet construction
conditions. Such was the case at the soil-bentonite slurry trench cutoff
constructed at W G Huxtable Punping Plant, Marianna, Arkansas (U. S
Arny Engineer District, Menphis 1978).
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(a) Design Considerations. The prinmary design paraneters are bl owout

requirenents, permeability, strength, and conpressibility. The backfill nate-
rial must not blow out into the surrounding pervious foundation under the
maxi mum differential hydraulic head that will act on the slurry trench. The

permeability is usually sufficiently | ow (-10'7 cmsec for > 1 percent bento-
nite) to reduce the seepage through the slurry trench cutoff to an acceptable
val ue. Under nost conditions, the only strength requirement for the slurry
trench cutoff is to approximate the strength of the surrounding ground. The
compressibility of the slurry trench cutoff, once consolidated under its own
wei ght (usually within 6 nonths after placenent), should be conpatible with the
conpressibility of the surrounding ground to mninize differential novenent of
the dam and resultant stress concentrations in the enbankment or its foundation
(Ryan 1976 and Xanthakos 1979).

(b) Blowout Requirenments. Once the slurry trench is installed, the dam
has been constructed, and the reservoir filled, there is a substantial differ-
ential head acting on the slurry trench (see table 9-2 for typical values).

Dependi ng upon the characteristics of the backfill nmaterial and pervious foun-
dation, the hydraulic gradient acting across the slurry trench may be suffi-
cient to cause blowout or piping of backfill material into the surrounding per-

vious foundation. This is especially critical when the foundation contains
openwork gravel where the piping process could result in the fornation of

channels and cavities that may breach the slurry wall. Based upon | aboratory
tests conducted on wdely graded gravel containing no sand, the blowut gradi-
ent ranges from 25 to 35, depending on the properties of the backfill mate-

rial (La Russo 1963 and Nash 1976). The factor of safety against blowout is

F = iallowable (9-9)

iactual

wher e
F = factor of safety against blowout
[ al | ovabl e al l owabl e hydraulic gradient from |aboratory blowut tests
[ act ual actual hydraulic gradient existing on slurry trench

Substituting for the actual hydraulic gradient

_ th
iac:tual T w (9-10)

wher e
Ah = maxi num differential hydraulic head acting on the slurry trench

w = slurry trench wdth
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and using a factor of safety of 3 and an allowable hydraulic gradient of 30 in
equation 9-9 gives

(9-11)

<
]
==

If the pervious foundation contains openwork gravel, the width of soil-
bentonite slurry trench required to prevent blowout failure may be estinated
fromequation 9-11. Further refinenents on the trench width would require con-
ducting laboratory blowout tests (as described by Xanthakos 1979).

(c) Perneability. For design purposes the perneability of the soil-

bentonite slurry trench cutoff is based on the backfill material only

(Xant hakos 1979). The perneability of the slurry trench is a function of both
the filter cake that forms on the trench walls and the backfill material. The
contribution of the filter cake and the backfill depends on the relative

perneability and thickness of the two materials. The horizontal perneability
of the soil-bentonite slurry trench is (D Appolonia 1980)

k= ——— (9-12)

wher e
k = permeability of slurry trench
ty, = backfill thickness
k, = backfill perneability
t = filter cake thickness

k. = filter cake perneability

The perneability of the backfill material can be determned in a |aboratory
permeability test (EM 1110-2-1906). The thickness of the backfill is selected
in design (see figure 9-6). The ratio kJ/t. is determined fromthe filter

press test (Anerican Petroleumlnstitute 1982) using various fornation cake
pressures as shown in figure 9-9a. For a range of practical applications, the

ratio kJ/t. varies from5 x 10 sec to 25 x 10% sec as shown in fig-

ure 9-9b. Figure 9-10 shows the perneability of a soil-bentonite slurry trench
cutoff wall 80 cm (about 2-1/2 ft) thick for various values of backfill perme-
ability and ratios of kJ/t. . As shown in figure 9-10, the slurry trench

9-25



EM 1110-2-1901

30 Sep 86
REGULATED PRESSURE
|‘l SOURCE
Il - GAS PRESSURE
‘ ‘—PRESSURE CELL
" re—3— SLURRY SAMPLE
FILTER CAKE
FILTER PAPER
PORQOUS STONE
= ‘ $— COLLECTION CUP
; v —1——FILTRATE
a. Schematic of filter press test apparatus
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Figure 9-9. Determination of filter cake permeability (courtesy of Anerican
Society of Cvil Engineers 163)
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Figure 9-10. Perneability of a soil-bentonite slurry trench cutoff
wall 80 cmthick for various values of backfill and filter cake

pernmeability (courtesy of Anmerican Society of Cvil Engineers 163)
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perneability is controlled by the backfill when the backfill perneability is
low and by the filter cake when the backfill perneability is high. Al so, the
slurry trench perneability has an upper limt of about 10'6 cm sec even for
very perneable backfill due to the thin low pernmeability filter cake

(D Appol oni a 1980).

(d) Shear Strength. Soil-bentonite slurry trench cutoffs are difficult
to sanple because of their soft nature and very little data are available on
the shear strength of soil-bentonite slurry trench backfill naterial. For
design purposes, in conducting the stability analysis of the embankment and
foundation, the shear strength of the backfill nmaterial is assumed, to be zero.
However, the shear strength of the backfill material does increase with time
due to consolidation and thixotropy. At time of placenment, the backfill nate-
rial will stand on a slope ranging from 1V on 5H to 1V on 10H  This inproves
to about 1V on 2H with tinme (Ryan 1976 and D Appolonia 1980). The results of
shear strength tests (see table 9-5) on undisturbed sanples taken from the
soil -bentonite slurry trench at Saylorville Dam Ilowa, show that the undrained
shear strength of the slurry backfill about a year after placement was 0.10 to
0.12 tons/sq ft (U S. Arnmy Engineer District, Rock Island 1978b).

(e) Conpressibility. The conpressibility of the soil-bentonite slurry
trench backfill naterial depends primarily on the percentage of granular
particles in the gradation as shown in figure 9-11. Low perneability and |ow
conpressibility are contradictory requirements because the plastic fines
required for low perneability result in higher conpressibility. Relatively
| ow conpressibility results when there is sufficient granular material in the
backfill to allow grain-to-grain contact between the granular particles
(D Appol onia 1980).

(f) Mx Design. The gradation of the backfill for the soil-bentonite
slurry trench is selected by conducting perneability, shear strength, and com
pressibility tests on a range of materials including soil to be excavated from
the trench. Such a procedure was followed in the nmix design for the backfill
of the soil-bentonite slurry trench installed for renedial seepage control at
Addi cks Dam Texas (U. S. Arnmy Engineer District, Glveston 1977c). The allow
able range set on the gradation of the backfill should produce a material which
contains enough fines to reduce the seepage through the slurry trench cutoff to
an acceptable level and sufficient coarse particles to approximate the strength
and conpressibility of the surrounding ground. |If sufficient fines are not
present in material excavated from the trench, borrow sources should be identi-
fied or alternatively a higher bentonite content specified for the backfill.

If sufficient coarse particles are not present in material excavated from the
trench, approved sources should be identified for obtaining natural sound,
hard, durable sand and gravel. Crushed linmestone, dolomte, or other crushed
cal careous materials should not be used. The maximm particle size of the
gravel shall be 3 in. and the nmaterial should be well graded.

(5) Cenent-Bentonite Slurry Trench Cutoff.
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Table 9-5,

Summary of Shear Strength Data from Post-Construction Testing of Backfill Material from Soil-Bentonite

Slurry Trench Cutoff at Saylorville Dam, Iowa(a)
Triaxial Compression Test(b)
Atterberg Dry Moilsture Time Elapsed,.months Q R
Boring Depth Unified Limits Densgity Content Construction Sampling ] c M e’
No. Station ft Soil Classification LL PL PI 1b/cu ft 3 to Sampling to Testing deg tons/sq ft deg tons/sq ft

STU-1 58490 26.7-28.9 Gravelly clayey

sand, SC 33 14 19 118.2 13.3 8.5 5 4,5 0.075
STU-1 58+90 39.2-41.4 Clayey sand, SC 33 14 19 108.5 17.5 8.5 5 0 0.130
STU-2 64+00 14.5-16.6 Clayey sand, SC 36 15 21 103.5 21.0 8 5 0 0.075
STU-1 58490 49.2-51.4 Clayey sand, SC 41 17 24 107.9 18.9 8.5 19 14.5 0.10
STU-2 64400 32.0-34.3 Clayey sand, SC 33 14 19 114.1 14.9 8 19 19 4]
STU-6 82490 16.0-18.1 Gravelly clayey

sand, SC 34 15 19 120.1 16.9 11.5 7.5 ] 0.10
STU-6 82490 49.9-51.9 Gravelly clayey

sand, SC 37 15 22 113.1 17.7 11.5 7.5 o 0.12
STU-7 87486 17.0-19.0 Gravelly clayey

sand, SC 32 17 15 113.5 17.6 11 6 0 0.12
STU-6 82490 35.4~35.6 Sandy clay, CL 31 18 13 117.0 13.1 11.5 9.5 14,5
STU-7 87480 26.6-28.8 Clayey sand, SC 28 14 14 112.9 19.2 11 11.5 17 0
(a) . 106

From U. S. Army Engineer District, Rock Island .
® Conducted on undisgurbed soll speéimens S in. in diameter by 11 in. high; unconsolidated-undrained (Q) and consolidated-undrained with
' pore pressure measurements (R) shear tests.
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(a) General. If backfill for the slurry trench is not available or is
prohibitive in cost or if the cutoff is deep and the foundation is prone to
failure during excavation, the cenent-bentonite slurry trench cutoff my be
more applicable (see table 9-3)

(b) Design Considerations. The primary design paraneters are continu-
ity, set time, resistance to hydraulic pressure, perneability, shear strength,
and conpressibility.

(c) Continuity. Wen cenment-bentonite slurry trench cutoffs are con-
structed in panels rather than in a continuous trench, there is a possibility
for unexcavated portions of the trench to renain between the panels. To pre-
vent this the clanshell bucket is noved both vertically and horizontally
t hroughout each slot at the conpletion of slot excavation. Also, when the
connecting area between the initial and subsequent panels is excavated, a por-
tion of the adjacent set panels is remved to ensure that all intervening soi
has been excavated (Spooner et al. 1982).

(d) Set Tine. The set tinme is inmportant because of the construction
techni que enployed. After the cenent-bentonite slurry in the first set of
panel s has set, the areas between them can be excavated. A nornal cenent-
bentonite mxture begins to set after a few hours and has a consistency sim -
lar to lard after 12 hours. The second day the cenent-bentonite slurry can be
wal ked on and final set is normally taken at 90 days (Ryan 1977).

(e) Resistance to Hydraulic Pressure. Once the slurry trench has been
compl eted, the enbanknent constructed, and the reservoir filled, there is a
substantial differential head acting on the slurry trench (see table 9-2 for
typical values). The tine between conpletion of the slurry trench and reser-
voir filling is generally sufficiently long (> 90 days) to allow the cenent-
bentonite slurry trench to develop its final set. The resistance of the
cenent-bentonite material to withstand gradi ents conparable to those which
will exist in the field should be tested in the | aboratory by subjecting
intact specinmens which have developed full set to hydraulic pressure and
neasuring the increase (if any) of perneability with time (Spooner et al. 1982
and Jefferis 1981).

(f) Permeability. Although there is sonme buildup of concentration near
the sides of the cenent-bentonite slurry trench, the cement-bentonite does not
forma low perneability cake. The perneability of the slurry trench is a
function of the concentrations of cenent, bentonite, sand, and gravel (sus-
pended during the excavation process) in the conpleted wall (Ryan 1977). The
anount of sand and gravel in the cenment-bentonite trench cutoff may range from
10 to 60 percent by dry weight, depending on the foundation material and
met hod of construction, and generally increases with depth (Dank 1981). If
the trench is excavated under a conventional bentonite slurry which is then
replaced by a cenent-bentonite slurry, the sand and gravel content will be |ow
(10 to 18 percent was neasured on undisturbed sanples taken from the San
Lorenzo Dam El Salvador; Dank 1981). Alternatively, if the trench is exca-
vated under a cenent-bentonite slurry which is left in the trench to set up and
formthe cutoff, the sand and gravel content will be relatively high. A'so, if
the trench is excavated under a cenent-bentonite slurry, the slurry loss into
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the surrounding ground will be higher than nornmal and in some instances as
great as 100 percent of the trench volume (Xanthakos 1979). For design

pur poses, specinens should be prepared from the cenent-bentonite with varying
percentages of sand and gravel, cured for 28 days under consolidation pressures
existing in the field, and laboratory perneability tests conducted

(EM 1110-2-1906).

(g) Shear Strength. Cenent-bentonite slurry trench cutoffs are nore
easily sanpled and tested than are soil-bentonite slurry walls. Also, speci-
mens of cenment-bentonite may be cast in the laboratory and tested. The
results of shear strength tests (see table 9-6) on undisturbed sanples taken
from the cenent-bentonite slurry trench at Tilden Tailings Project, Mchigan,
show the unconfined conpressive strength about 6 nonths after placenent
increased with depth ranging from 0.88 to 1.43 tons/sq ft (Dank 1981).

(h) Conpressibility. Very little data are available on the conpres-
sibility of cement-bentonite slurry trench material (MIllet and Perez 1980).
The conpressibility should decrease with increase in cenent to water ratio
(provided the bentonite is fully hydrated with water prior to adding the
cement) and with increase in sand content (once the concentration of suspended
sand and gravel is sufficient to allow grain-to-grain contact between the
granul ar materials).

(i) Mx Design. The cenent-bentonite slurry trench nmixture consists of
water, bentonite, cenent, set retarders as necessary, and sand and gravel
entering the trench as a by-product of the excavation. The bentonite shoul d
be fully hydrated with water prior to adding the cenent (MIllet and Perez
1980). A retarder of the lignosulphite group may be added in small anpunts
(0.1 percent) to delay the initial set to avoid hardening of the mx in the
panel before the excavation is conpleted (Xanthakos 1979). Wen | ow per ne-
ability is required, the bentonite content of the slurry should be increased
(inthe range from3 to 6 percent by dry weight). Increased sand and gravel
inthe slurry will result in an increase in perneability (Dank 1981). The
cement, sand, and gravel content are the chief factors in controlling the
strength and defornability characteristics of the slurry mx (see table 9-6 and
figure 9-12). GCenerally, the higher the cenent to water ratio, the higher the
strength, and nore brittle (lower failure strain) the cenent-bentonite slurry
mx (MIllet and Perez 1980). By varying the bentonite and cement quantities,
flexibility can be designed into the cenent-bentonite slurry trench cutoff.
This is especially inportant if the damis located at a site where strong
eart hquake shocks are likely. The cenent-bentonite slurry nix proportions
should be selected by conducting perneability, shear strength, and conpres-
sibility tests on a range of nmmterials including soil to be excavated from the
trench. Varying proportions of water, bentonite, cenent, sand and gravel
(representing aggregate entering the trench during the excavation process)
should be tested to select a design mix which will reduce the seepage through
the slurry trench cutoff to an acceptable |evel and approximate the strength
and conpressibility of the surrounding ground.

(6) Failure Mechanisnms of Cutoffs

9- 32



€€ -6

Table 9-6. Summary of Shear Strength Data from Post~Construction Testing

of Cement-Bentonite Slurry Trench Cutoff at Tilden Tailings Project, Michigan'®)

Sand Time Elapsed Unconfined Triaxial Compression Tes t(b)
Content Molsture Construction Compressive S
Boring Depth Dry Density By Volume Content to Sampling Strength [N !
No. fr 1b/cu ft Z % months tons/sq ft deprees tons/sq ft
1 6.0 26.5 2.5 271.6 6 0.92
1 10.7 29.4 11.6 151.4 6 0.9
1 15.9 32.1 13.2 141.0 6 0.97
1 21.0 7.0 11.4 138.8 6 1.02
1 31.0 37.5 6.2 129.0 6 1.02 15.5 0.99
1 41.0 40.0 — 115.8 6 - 24,5 0.66
2 6.9 21.4 0.0 236.0 6 0.88
2 10.8 43.0 6.2 201.0 6 1.00
2 16.0 38.3 11.4 134.5 6 1.14 29.6 0.36
2 21.0 35.0 13.4 117.1 6 1.30

(@) From Northwestern University

(?) conducted on undisturbed soil specimens; consolidated-drained (S) shear test
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(a) Introduction. Several mechanisns can affect the functioning of
slurry walls and cause failure. Failure may occur during excavation of the
trench, upon first filling of the reservoir with the resulting rise in differ-
ential head acting across the slurry wall, or at sone future time due to
adverse chenmical substances in the soil and ground water. Specific failure
mechani snms include trench collapse, gaps (or windows) in the slurry wall,

i nadequat e aqui clude key-in, blowut or piping of backfill material into the
surrounding pervious foundation, and chemical destruction of the slurry wall
(Spooner et al. 1982).

(b) Trench Collapse. Trench collapse is caused by instability of the
trench walls during excavation and before backfilling (for soil-bentonite
slurry trench) or setup (for cenent-bentonite slurry trench). Causes of trench
collapse include failure to maintain the mininum differential head between the
top of the slurry and the top of the ground water and/or too low unit weight of
slurry (see figure 9-7). Drop in the slurry level in the trench may be caused
by contact with gravel, fissures, etc., during excavation, while rise in the
ground-water level may be caused by surface runoff into cracks adjacent to the

trench, particularly following heavy rainfall. Too low unit weight of the
slurry may be caused by the cessation of agitation by excavation equi pnent over
the week end (Spooner et al. 1982). Such a set of circumstances contributed to

the collapse of a portion of one wall of a soil-cement bentonite slurry trench
at Duncan Dam in Canada (Duguid et al. 1971).

(c) Gaps (or Wndows) in the Slurry Wall. Trench collapse or inproper
pl acement of backfill can create gaps (or windows) which result in zones of
hi gher perneability as well as variations in wall thickness and strength
(Spooner et al. 1982). The continuity of the trench should be tested before
backfilling by passing the bucket or clanshell of the excavating tool verti-
cally and horizontally along each segnent of the trench. As nentioned pre-
viously, for soil-bentonite slurry trenches irregularities in the backfill
slope are indications that pockets of clean material (slurry not mxed in
properly or was washed out) or slurry were trapped in the backfill or that the
backfill does not contain sufficient sand or coarse material.

(d) Inadequate Aquiclude Key-In. As discussed previously, inadequate
aqui clude key-in will pernmit seepage under the cutoff. |nadequate key-in can
result from variations in trench depth, insufficient aquiclude penetration,
trench collapse, or the presence of boul ders (Spooner et al. 1982).

(e) Blowout or Piping of Backfill Material. As nmentioned previously,
bl owout or piping of backfill material into the surrounding pervious founda-
tion is especially critical for soil-bentonite slurry trenches when the foun-
dation contains openwork gravel. The required width of the slurry trench to
prevent blowout (factor of safety of 3) in openwork gravel may be estimated
from Equation 9-11.

(f) Chemical Destruction of the Slurry Wall. Chenical substances in
the foundation soil and ground water can affect the durability of the slurry
wal |l once it is constructed. |If salt water is present in the construction

area, appapulgite may be used instead of bentonite. Permeation of a soil-
bentonite or cenent-bentonite slurry wall by polluted ground water generally
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leads to increased perneability. The bentonite may becone entrained in the
solution and the cenent may becorme slurry solubilized as a solution channel is
created through the slurry wall and into the foundation. Chenicals may also
prevent the slurry from formng an adequate filter cake along the sides of the
soil-bentonite slurry trench (Spooner et al. 1982). \Where polluted ground
water is present, long-term perneability tests should be conducted using the
specific soil-bentonite backfill materials or cenent-bentonite mx from the
site perneated by the actual pollutant in designing the slurry trench cutoff
(Spooner et al. 1982 and D Appol onia 1980).

(7) Instrumentation and Mnitoring.

(a) Introduction. Wenever a slurry trench is used for control of

underseepage, the initial filling of the reservoir nust be controlled and
instrumentation nonitored to determine if the slurry trench is performng as
planned. If the slurry trench cutoff is ineffective, remedial seepage control

measures nust be installed prior to further raising of the reservoir pool
(EM 1110- 2- 2300) .

(b) Parameters of Interest. There are two paraneters of interest with
regard to slurry trench cutoffs for control of underseepage. These are the
drop in piezonetric head from upstream to downstream across the trench during
reservoir filling and the differential settlenent between the top of the
slurry trench and the overlying conpacted enmbanknment naterial.

(c) Efficiency of Slurry Trench Cutoff. To evaluate the head effi-
ciency (see equation 2) of the slurry trench cutoff, the head loss is deter-
m ned between points i mediately upstream and downstream of the slurry trench
cutoff wall at its junction with the base of the dam The head loss is
established from piezoneter readings taken during construction, before and
during initial filling of the reservoir, and subsequently as frequently as
necessary to determne changes that are occurring and to assess their inpli-
cations with respect to safety of the dam (see Chapter 13). Equal nunbers of
pi ezometers are nornally placed on each side of the slurry trench cutoff.

Pi ezometers should be installed at two or nore locations along the length of
the slurry trench depending upon the foundation conditions at the site.
Pneumatic piezometers installed upstream and downstream of the soil-bentonite
slurry trench at West Point Dam Al abama and Georgia, showed a near-horizontal
pi ezometric surface existed across the trench prior to filling the reservoir.
Pi ezometer readings taken after reservoir filling indicated a drop in piezom
eter head from upstream to downstream across the slurry trench, confirning the
ef fectiveness of the cutoff (U S Arny Engineer District, Savannah 1979).
Qpen-tube piezonmeters installed upstream and downstream of the soil-bentonite
slurry trench at Addicka Dam Texas, indicated a drop in piezometric head
across the slurry trench (U S. Arny Engineer District, Galveston 1983).

(d) Differential Settlement. The differential settlement between the
top of the slurry trench and the overlying conpacted embankment material is
i mportant because a separation of naterials in this region could result in
piping at the interface between the enbanknent and the foundation. Settlenent
plates placed on top of the soil-cenent bentonite slurry trench at Wst Point
Dam Al abama and Georgia, indicated a uniform total settlenent of approximtely
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0.5 ft throughout the trench. Excavation of a portion of the trench prior to
filling the reservoir showed no void between the slurry trench backfill and the
overlying conpacted fill (U S. Arny Engineer District, Savannah 1968 and

1979).

e. Concrete \Wall

(1) Introduction. Wen the depth of the pervious foundation is exces-
sive (< 150 ft) and/or the foundation contains cobbles, boulders, or cavernous
| imestone, the concrete cutoff wall nay be an effective nethod for control of
under seepage. Using this nethod, a cast-in-place continuous concrete wall is
constructed by trenmie placenment of concrete in a bentonite slurry supported
trench. Two general types of concrete cutoff walls, the panel wall and the
el ement wall have been used, as shown in figures 9-13 and 9-14, respectively.
Since the wall in its sinmpler structural formis a rigid diaphragm earth-
quakes could cause its rupture; therefore, cutoff walls should not be used at
a site where strong earthquake shocks are likely (U S. Arnmy Engi neer
District, Pittsburgh 1965).

(2) Hstory of Use. Conventional (excavated without bentonite slurry)
concrete cutoff walls were widely used prior to 1925. Since they require
about the same excavation and dewatering as conpacted backfill trenches and
the wall itself is far nore expensive than conpacted soil, the popularity of
conventional concrete cutoff walls has declined (Sowers 1962 and Sherard et al.
1963). The nmethod of excavating trenches supported by bentonite for the con-
struction of cast-in-place concrete cutoff walls was used for the first tine
in 1951 at the Volturno-Garigliano hydroelectric plant on the Volturno River
at Venafro, near Naples, ltaly (Veder 1963, Veder 1975 and Franke 1954). Since
the 1950's, concrete cutoff walls constructed by treme placenent of concrete
in a bentonite slurry supported trench have been used for projects throughout
the world. The deepest concrete cutoff wall to date was constructed at
Mani couagan 3 Dam in Quebec, Canada, in 1972, where two parallel concrete
walls, 2 ft thick and 10 ft apart, extended 430 ft deep (Anonynous 1972). A
conpari son of concrete cutoff walls constructed at Corps of Engineers dans is
given in table 9-7

(3) Sequence of Construction and Location of VWall. Nornally the
embankment is constructed first, followed by the concrete cutoff wall [ocated
upstream of the toe of the dam as was done at Kinzua Dam (fornmerly Allegheny
Dam) and tied into the core of the damwi th an inpervious blanket (U S. Arny
Engi neer District, Pittsburgh 1965). The upstream | ocation mnimzes the pos-
sibility of conpressive failure of the concrete cutoff wall due to negative
skin friction as the foundation settles under the weight of the enbanknment (as
would occur is the cutoff wall is located under the center of the dam. Con-
structing the enmbankment first, followed by the concrete cutoff wall, minimzes
the possibility of rupture of the concrete cutoff wall due to horizontal nove-
ment of the foundation as the enmbanknment is constructed. For renedial seepage
control of existing dans (see Chapter 12) where it is not practical to draw
down the reservoir and primary consolidation of the foundation has been
conplete, a central location for the concrete cutoff wall may be feasible.
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Figure 9-13. Construction procedure for concrete cutoff wall at
Kinzua Dam (fornmerly Allegheny Dam), Pennsylvania (after U S.

Arny Engineer District, Pittsburghlog)

(4) Design Considerations. The primary design paraneters are permne-
ability, strength, and conpressibility. (1) The permeability is usually

sufficiently |ow (=10'10 cmsec for water-cenent ratio of 0.6) to reduce the
seepage through the concrete cutoff wall to an acceptable value (Xanthakos
1979). The concrete cutoff wall is generally stronger (>3,000 psi conpressive
strength) than the surrounding foundation soil and introduces a heterogeneous
zone (in the formof a rigid diaphragm in the foundation. The conpressibility
of the concrete cutoff wall is sufficiently low that the wall is essentially
rigid with respect to the surrounding foundation soil (Xanthakos 1979).

(a) Pernmeability. For workable concrete nixes used in concrete cutoff
wal s (see table 9-8), the perneability increases rapidly for water-cenent
ratios higher than 0.5. For a concrete mix with maxi mum coarse aggregate size

(" The workability of the concrete, discussed under Mx Desi gn, is of primary

importance with respect to treme placement of the concrete.

9- 38



EM 1110- 2- 1901
30 Sep 86

Casing driver B
1
Fll | i
o e Lk L I
\ |
] ]
)
' -
i =
5™ A;
]
.‘r“-—-
Top of limestone, 200 & f\
PRIMARY ELEMENT EXCAVATION . SECONDARY ELEMENT EXCAVATION

a. Excavation procedure for prinmary and secondary elenents

b. Interlocking of primary
and secondary elenents

Figure 9-14. Construction procedure for concrete cutoff wall at Wlf
Creek Dam Kentucky (courtesy of American Society of Gvil

Engi neerslsg

9-39



0 -6

Table 9-7.

Comparison of Corps of Engineers Concrete Cutoff Walls

Cutorr
Max. Max.(a)
bif- Devi-
fer- ation  Max.
Date Embankment- ential . Max., from _Head
Con~ Foundation Head Width Depth Ver- Cutoff
Project Location structed Material ft ft ft Location tical Width Reference
Kinzuva (formerly Allegheny River 1964 Siits, 140 2.5 185 Upstream 1:370 56.0 U, S. Army
Allegheny) Dam Pennsylvania sands and of toe Engineer District,
gravels, of dam Pittsburgh 1965
boulders
Wolf Creek Dam(b) Cumberland River 1978 Embankment 187 2.0 300 Center of 1:600 93.5 U, S. Army
Kentucky (200 ft); dam Engineer District,
cavernous Nashville 1975;
limestone Fetzer 1979
(100 ft)
Mill Creek Dam Mill Creek 1981 Silt 51 2.0 170 Upstream 1:100 25.5 U. S. Army
Washington overlying toe of Engineer District,
’ conglomerate dam Walla Walla 1980a,b
Clemson Lower. Hartwell Lake 1982 Embankment 44 2.0 85 Center of 1:100 22,0 U. S. Army
Diversion Dam Georgia and (50 ft); dam Engineer District,.
South Carolina silty sand Savannah 1981
and sand
(35 ft)

{a)
(b)

Deviation from vertical in any direction at any depth.
Concrete cutoff installed as remedial seepage control for existing dam (see Chapter 12).
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Table 9-8.

Comparison of Concrete Mix Proportions for Corps of Engineers Concrete Cutoff Walls

28 Day Compressive Strength

(a) Aggregate 1b/sq in.
Cement Fly Ash Water Water/Cement 1b/cu yd Slump
Project 1b/cu yd  1b/eu yd 1b/cu yd _+ Fly Ash Coarse Fine in. Specified Obtained

Kinzua (formerly 564 0 292 0.52 1,652 1,345 7 3,000 3,843
Allegheny Dam)

Wolf Creek Dam 564 123 275 0.40 1,619 1,369 6.5-7.5 3,000 4,685
Mill Creek Dam 299 134(b) 260 0.60 1,628 1,587 - 8 1,500 1,970
Clemson Lower 507 110 334 0.54 1,540 1,310 60.9.0 1,300 -

Diversion Dam

‘(a)

(b) Weights are éatutated surface dry.

Fly ash percentage replaced by solid volume was raised from 35 to 45 before wall was completed.
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of 3/4 in. and a water cenent ratio of 0.6, the perneability is usually |ower

t han 10'10 cm sec (Xanthakos 1979). The perneability of a concrete cutoff
wall is influenced by cracks in the finished structure and/or by void spaces
left in the concrete as a result of honeyconmbing or segregation (see Equa-
tion 9-4 and figure 9-5). The joints between panels are not conpletely

i mpereabl e but the penetration of bentonite slurry into the soil in the
imediate vicinity of the joint usually keeps the flow of water very snal
(Hanna 1978). Measured head efficiency for concrete cutoff walls from

pi ezometric data generally exceeds 90 percent (Telling, Menzies, and Sinons
1978b). At Kinzua Dam (fornerly Al legheny Danm), the measured head efficiency
was 100 percent, i.e., the head just downstream of the concrete cutoff wall was
of the magnitude established by vertical seepage through the upstream
connecting blanket (Fuquay 1968).

(b) Strength. The conpressive strength for concrete cutoff walls is
general ly specified to exceed 3,000 Ib/sq in. (see table 9-8). Therefore, the
concrete cutoff wall is generally stronger than the surrounding foundation
soil. The nost inportant factor influencing the strength of the concrete is
the water-cenent ratio. The concrete's fluidity, i.e., ability to trave
through the treme and fill the excavation, also depends upon the water-cenent
ratio. Too low a water-cement ratio would decrease flowability and increase
conpressive strength. Too high a water-cenent ratio would pronote segrega-
tion. A good balance is achieved with a water-cenent ratio near 0.5 which
results in a 28-day conpressive strength exceeding 3,000 |Ib/sq in. (see
table 9-8). Cenent continues to hydrate and concrete continues to increase in
conpressive strength, at a decreasing rate, long after 28 days (Wnter and
Ni | son 1979).

(c) Conpressibility. The concrete cutoff wall is essentially rigid and
has | ow conpressibility conpared to the surrounding foundation soil. The
nodul us of elasticity for concrete cutoff walls may be approxi mated from
(Wnter and NilIson 1979)

E_ = 33w3/2/F—é (9-13)

wher e
EC = nodul us of elasticity in Ib/sq in.
W= unit weight of concrete in Ib/cu ft
Fé = conpressive strength of concrete in Ib/sqg in.

(5 Mx Design. In addition to strength, workability is an inportant
requirenent for the concrete mix. The mix nust not segregate during place-
ment. Too high a water-cement ratio or too low a cement content (with a good
wat er-cenment ratio) will tend to segregate. Natural well rounded aggregate
increases flowability and allows the use of |ess cement than an angul ar
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manuf actured aggregate. Since the concrete is poured into the trench through
treme pipes and displaces the bentonite slurry from the bottom of the exca-
vation upward, the concrete nmust have a consistency such that it will flow
under gravity and resist nixing with the bentonite slurry. Admxtures may be
used as required to develop the desired concrete nix characteristics. Fly ash
is often used to inprove workability and to reduce heat generation. The unique
probl ens inherent at each project require studies to devel op an adequate con-
crete mx (Holland and Turner 1980). Some typical concrete mixes used in Corps
of Engineers concrete cutoff walls are given in table 9-8. The placenent

techni ques used for the concrete are of equal inmportance in assuring a satis-
factory concrete cutoff wall

(6) Excavation and Placenent of Concrete. Tenporary guide walls are
constructed at the ground surface to guide the alignnment of the trench and
support the top of the excavation. Typically, a cross section, 1 ft w de and
3 ft deep, is sufficient for nobst concrete cutoff walls. In order to ensure
continuity between panels and provide a watertight joint to prevent |eakage
an appropriate tolerance is placed on the maxi mrum deviation fromthe vertica
(see table 9-7). The sane general requirenents apply to the slurry used to
keep the trench open for concrete cutoffs. As stated previously, two genera
types of concrete cutoff walls, the panel wall, and the el enent wall have been
used. The panel wall is best suited for poorly consolidated materials and soft
rock can be installed to about a 200-ft depth. The elenent wall has the
advantage of greater depth (430 ft deep at Manicouagan 3 Dam in Quebec
Canada), better control of verticality, the ability to penetrate hard rock
usi ng chisels and/or nested percussion drills, and the protection of the

enmbankment with casing when used for renedial seepage control. However, the
elenent wall is nmore costly and has a sl ower placenent rate than the pane
wall. Both types of concrete cutoff walls open short horizontal sections of

the enbankment and/or foundation at a tinme, which linmts the area for potentia
failure to a segnent that can be controlled or repaired without risking
catastrophic failure of the project. The concrete cutoff wall penetrates the
zone(s) of seepage with a rigid, inperneability barrier capable of withstanding
high head differentials across cavities with no lateral support. The concrete
nmust be placed at considerabl e depth through bentonite slurry in a continuous
operation with as little contam nation, honeyconb, or segregation as possible.
The bottom of the excavation nmust be cleaned so that a good seal can be
obtained at grade. Fresh bentonite slurry is circulated through the excavation
to assist in the cleaning and | ower the density of the slurry to allow the
concrete to displace the slurry easier once placement begins. The trenie
procedure used to place the concrete is straightforward in theory and yet often
in practice causes nore problens with the final quality of the concrete cutoff
wal | than any other factor. The trem e system consists of a hopper, treme
ﬁipe’ and a crane or other lifting equipment to support the apparatus. The
opper shoul d be funnel shaped and have a mininum capacity of 0.5 cu yd. The
size of the trem e pipe depends upon the size of aggregate used in the concrete
mx. For 3/4-in. maxi mum di ameter coarse aggregate, a 10-in.-diamtrenie pipe
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shoul d be used. (1) The dry tremie is placed in the hole with a nmetal plate and
rubber gasket wired to the end of the tremie. The treme pipe is lifted
breaking the wires and allowing the concrete flow to begin. Concrete is added
to the hopper at a uniformrate to nmninize free fall to the surface in the
pipe and obtain a continuous flow The treme apparatus is lifted during
placement at a rate that will maintain the bottom of the pipe submerged in
fresh concrete at all times and produce the flattest surface slope of concrete
that can practically be achieved. The flow rate (foot of height per hour) and
surface slope of the concrete shall be continuously neasured during placenent
with the use of a sounding line. A sufficient nunber of trenies should be
provided so that the concrete does not have to flow horizontally froma treme
more than 10 ft. As soon as practical, core borings should be taken in

sel ected panels through the center of the cutoff wall to observe the quality of
the final project. Unacceptable zones of concrete such as honeyconbed zones,
segregated zones, or uncenmented zones found within the cored panels or elenents
shoul d be repaired or removed and replaced. One nmeans of ninimzing such
problens at the start of a job is to require a test section in a noncritica
area to allow changes in the construction procedure to be nade early in the
project (Hallford 1983; Holland and Turner 1980; and Gerwick, Holland, and
Konmendant 1981).

(7) Treatnent at Top of Concrete Cutoff Wall. As nentioned previously,
nornmal Iy the concrete cutoff wall is |ocated under or near the upstreamtoe of
the damand tied into the core of the damw th an inpervious blanket. If a
central location for the concrete cutoff wall is dictated by other factors,
the connection detail between the top of the concrete cutoff wall and the core
of the damis very inportant. GCenerally, the concrete cutoff wall extends
upward into the core such that, the hydraulic gradient at the surface of the
contact does not exceed 4 (WIson and Marsal 1979). Various precautions (see
figure 9-15) have been taken to prevent the top of the concrete cutoff wal
from punching into the core of the dam and causing the core to crack as the
foundation settles on either side of the rigid cutoff wall under the weight of
the enbankment. The bentonite used at the connection between the concrete
cutoff wall and the core of the dam (see figure 9-15) is intended to create a
soft zone to accommodate differential vertical settlenents of the core around
the concrete cutoff wall. Also, saturation of the bentonite is intended to
produce swelling which will provide for a bond between the core and the con-
crete cutoff wall to prevent seepage (Radukic 1979).

(8) Failure Mechanisns of Concrete Cutoff Walls. Several nechanisns
can affect the functioning of concrete cutoff walls and cause failure. As
mentioned previously, the wall in its sinpler structural formis a rigid
di aphragm and earthquakes coul d cause its rupture. For this reason concrete
cutoff walls should not be used at a site where strong earthquake shocks are

(U At Wl f Creek Dam concrete probl ens (areas of segregated sand or coarse

aggregate, voids, zones of trapped laitance, and honeycombed concrete)
occurred for treme-placed 26-in. -diam cased primary elenents. This nust
be considered in future projects which involve trem e-placed el enents of
smal | cross-sectional areas (Holland and Turner 1980).
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Figure 9-15. Connections between concrete cutoff wall

and core of dam (courtesy of IOOSlSZ)

9-45



EM 1110-2-1901
30 Sep 86

likely. Concrete cutoff walls located under or near the toe of the dam are
subject to possible rupture from horizontal novenents of the foundation soil
during embankment construction. This effect can be nmininized by constructing
the dam enbankment prior to the concrete cutoff wall. As mentioned previously,
concrete cutoff walls located under the center of the dam are subject to pos-
sible conpressive failure due to negative skin friction as the foundation
settles under the weight of the enbankment. The probability of this occurring
woul d depend upon the magnitude of the negative skin friction devel oped at the
interface between the concrete cutoff wall and the foundation soil and the
stress-strain characteristics of the concrete cutoff wall. A'so, as previously
mentioned, a centrally located concrete cutoff wall may punch into and crack
the overlying core nmaterial unless an adequate connection is provided between
the concrete cutoff wall and the core of the dam

(9) Instrumentation and Mnitoring. \henever a concrete cutoff wall is
used for control of underseepage, the initial filling of the reservoir must be
controlled and instrumentation nonitored to deternmine if the concrete cutoff
wall is performng as planned. |If the concrete cutoff wall is ineffective,
remedi al seepage control neasures nust be installed prior to further raising
the reservoir pool. \hen the enbankment is constructed first, followed by the
concrete cutoff wall |ocated upstream of the toe of the dam as was done at

Kinzua (fornmerly Allegheny Dam, the parameters of interest are the drop in
pi ezonetric head from upstream to downstream across the concrete cutoff wall,
differential vertical settlement between the upstream inpervious blanket and
the top of the concrete cutoff wall, and vertical and horizontal noverment of
the concrete cutoff wall due to reservoir filling. |If a central location for
the concrete cutoff wall is dictated by others factors, the paraneters of
interest are the drop in piezonetric head from upstream to downstream across
the cutoff wall, differential vertical settlement between the core of the dam
and the top of the concrete cutoff wall, and vertical and horizontal novenent
of the concrete cutoff wall due to construction of the enbankment and reser-
voir filling. Instrunentation data should be obtained during construction,
before and during initial filling of the reservoir, and subsequently as fre-
quently as necessary to deternmine changes that are occurring and to assess
their inplications with respect to the safety of the dam (see Chapter 13).
The head efficiency for concrete cutoff walls is evaluated in the same manner
as described previously for slurry trench cutoffs. As previously mentioned,
measured head efficiency for concrete cutoff walls generally exceeds

90 percent.

f. Steel Sheetpiling.

(1) Introduction. Steel sheetpiling is rolled steel members wth
interlocking joints along their edges. Sheetpiling is produced in straight
web, arch web, and Z sections in a graduated series of weights joined by
interlocks to forma continuous cutoff wall as shown in figure 9-16. Steel
sheetpiling is not recommended for use as a cutoff to prevent underseepage
beneath dams due to the |ow head efficiency. Steel sheetpiling is frequently
used in conjunction with concrete flood control and navigation structures to
confine the foundation soil to prevent it from piping out from under the
structure (EM 1110-2-2300 and G eer, Morhouse, and MI|let 1969).
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(2) Hstory of use. Steel sheetpiling was first used by the Corps of
Engi neers to prevent underseepage at Fort Peck Dam Mntana (U. S. Arny Engi-
neer District, Omaha 1982). The steel sheetpiling, driven to Bearpaw shal e
bedrock with the aid of hydraulic spade jetting, reached a maxi mum depth of
163 ft in the valley section (see table 9-9). An original plan to force grout
into the interlocks of the steel sheetpiling was abandoned during construction
as inpractical. Steel sheetpiling was used as an extra factor to prevent pip-
ing of foundation soils at Garrison Dam North Dakota (U S. Army Engineer
District, Omha 1964). At Garrison Dam underseepage control was provided for
by an upstream bl anket and relief wells and the contribution of the stee
sheetpiling to reduction of underseepage was neglected in the design of the
relief wells. Steel sheetpiling and an upstream bl anket were installed for
control underseepage at QOahe Dam South Dakota. Relief wells were installed
for renedial seepage control to provide relief of excess hydrostatic pressures
devel oped by underseepage (U S. Arny Engineer District, Omha 1961).

(3) Efficiency of Steel Sheetpiling Cutoffs. The efficiency of stee
sheetpiling cutoffs is dependent upon proper penetration into an inpervious
stratum and the condition of the sheeting elenents after driving. Wen the
foundation material is dense or contains boulders which nmay result in ripping
of the sheeting or dammge to the interlocks (see figure 9-17), the efficiency
will be reduced (Guertin and MTigue 1982). Theoretical studies indicate that
very small openings in the sheeting (< 1 percent of the total area) will cause a
substantial reduction in the cutoff efficiency (from 100 to 10 percent effi-
ciency) as shown in figure 9-18 (Anbraseys 1963). The measured head efficiency
for steel sheetpiling cutoffs installed at Corps of Engineers dans is given in
table 9-9. The effectiveness of the steel sheetpiling is initially low, only
12 to 18 percent of the total head was |ost across the cutoff as shown in
table 9-9. Wth time, the head |oss across the steel sheetpiling increased to
as much as 50 percent of the total head. This increase in effectiveness is
attributed to migration of fines and corrosion in the interlocks and reservoir
siltation near the dam

9-5.  Upstream | npervious Bl anket. (1)

a. Introduction. Wen a conplete cutoff is not required or is too
costly, an upstream inpervious blanket tied into the inpervious core of the
dam may be used to nininize underseepage. Upstream inpervious blankets should
not be used when the reservoir head exceeds 200 ft because the hydraulic
gradient acting across the blanket nmay result in piping and serious |eakage
Downst ream under seepage control neasures (relief wells or toe trench drains)
are generally required for use with upstream blankets to control underseepage
and/ or prevent excessive uplift pressures and piping through the foundation.
Upstream i npervious blankets are used in some cases to reinforce thin spots in
natural blankets. Effectiveness of upstream inpervious blankets depends upon
their length, thickness, and vertical perneability, and on the stratification
and perneability of soils on which they are placed (EM 1110-2-2300, Barron
1977 and Thonmas 1976).

(1) The bl anket may be inpervious or senipervious (leaks in the vertica
direction).

9-48



67 -6

Table 9-9. Comparison of Corps of Engineers Steel Sheetpiling Cutoff Walls
Max Head Efficiency of
Date Foundation Depth Cutoff, %
Project Location Constructed Materials ft Location Purpose Initial With Time Reference
Ft. Peck Dam Missouri River, 1940 Gravels, sands, 163 Center of dam Prevent 12 3060 Lane and Wohlt 1961
Montana and ‘silts underseepage
Garrison Dam  Missouri River, 1954 Sand with 110 Upstream Prevent piping 18 so(") U. S. Army Engineer
North Dakota gravel lenses portion of District, Omaha
dam 1964
Qahe Dam Missouri River, 1958 Sands, gravels, 75 Upstream Prevent piping 16 22(c) U. S. Army Engineer
South Dakota ’ and silts portion of District, Omaha
dam 1961
(a) After 17 years (relief wells were installed in 1942 as remedial underseepage control)

(b) After

(c) After

10 years (upstream blanket and relief wells were constructed prior to impoundment)

4 years (upstream blanket constructed prior to impoundment and relief wells installed in 1962 as remedial underseepage coantrol)
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Figure 9-17. Sources of |eakage associated with steel sheetpile
cutoffs (from U S. Department of Transportation4l)
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b. Design Considerations. In alluvial valleys, frequently soils consist
of fine-grained top stratum of clay, silt, and silty or clayey sand underlain

by a pervious substratum of sand and gravel. As stated previously, the top
stratum or blanket may be inpervious or senmipervious (leaks in the vertical
direction). The substratum aquifer or pervious foundation is generally

ani sotropic with respect

condi tion,
stream inp

(1)

shown in figure 9-19,
ervi ous bl ankets are:

Fl ow t hrough the bl anket

is vertical.

to permeability so the flow is horizontal.

For

this

the basic assunptions for the design of up-

Fl ow through the pervious foundation is horizontal.

(2)
(3) All flows are lanminar and steady state.
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Effective length of upstream natural blanket

Length of enbanknent base

Ef fective length of downstream natural bl anket
Length of discontinuous upstream bl anket

Net head to dissipate

Thi ckness of natural bl anket

Thi ckness of aquifer

Permeability coefficient of blanket

Perneability coefficient of aquifer

Subnerged unit weight of blanket

Pressure head under blanket at downstream toe of dam
Critical head under blanket at downstream toe of dam
Factor of safety relative to heaving at downstream toe
Unit weight of water (63.4 pcf)

Rate of discharge through aquifer with unit length normal to the
section

Figure 9-19. Upstream inpervious blanket (from U S. Department of
. 7
Agri culturez)
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(4) The dam (or core of a zoned enbanknent) is inpervious.

(5) Both the blanket and substratum have a constant thickness and are
hori zont al .

When the top stratumor pervious foundation consists of several |ayers of
different soils, they nust be transforned into a single stratumw th an
effective thickness and pernmeability (see procedure givenin U S. Arny

Engi neer Waterways Experinment Station 1956a). For the upstream inpervious

bl anket shown in figure 9-19, the effective length of the upstream bl anket is

L, = /T 7k, )2, d (9-14)

wher e

—
=
1

effective length of upstream bl anket

ki = horizontal perneability of pervious foundation

k,r = vertical perneability of upstream bl anket
Z,r = thickness of upstream bl anket
d = thickness of pervious foundation

The effective length of the downstream bl anket is

Ly = /(kf/kbL) szd (9-15)
wher e
L; = effective length of downstream bl anket
k,. = vertical perneability of downstream bl anket
Z, = thickness of downstream bl anket

Upst ream bl ankets shoul d be designed so that under maxi mum reservoir
conditions the pressure head under the blanket at the downstreamtoe of the
dam and the rate of discharge through the pervious foundation are acceptable.
The pressure head under the blanket at the downstreamtoe of the dam (see
figure 9-19) is
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hL3
h = (9-16)
o L1 + L2 + L3
wher e
h, = pressure head under the blanket at the downstream toe of the dam
h = net head to dissipate
L, = length of inpervious core or dam base

The critical pressure head under the blanket at the downstream toe of the dam
is

Z. 1Y
h = bL 'sub (9-17)

c Y

w

where
h, = critical pressure head under the blanket at the downstream toe of
the dam
Yeub = subnerged unit weight of downstream bl anket soil
Y = unit weight of water

The factor of safety against uplift or heaving at the downstream toe of the dam
i's

=

F =

[ed
e (9-18)
o

where F, is the factor of safety against uplift or heaving at the downstream

toe of the dam Generally dams are designed w thout relying upon natural
downstream bl ankets because it is difficult to assure the continuity and the
exi stence of the blanket throughout the life of the structure. A so, down-
stream seepage control neasures (relief wells or trench drains) are generally
used with upstream blankets to reduce uplift or heaving at the downstream toe
of the dam  However, for the exceptional case where the damis designed with a
natural downstream bl anket and with no downstream seepage control neasures
(relief wells or trench drains), upstream blankets should be designed so that
the factor of safety against uplift or heaving at the downstream toe of the dam
is at least 3. The rate of discharge through the pervious foundation per unit
| ength of dam (see figure 9-19) is
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(9-19)

where (q; is the rate of discharge through the pervious foundation per unit

length of dam The acceptable rate of discharge or underseepage depends upon
the value of the water or hydropower lost, availability of downstream right-
of-way, and facility for disposal of underseepage. The followi ng procedure is
used to determine the length of an upstream bl anket when there is a downstream
bl anket present (see figure 9-19b):

(a) Determine L; fromequation 9-14 using a conservative value of
ki/kpr , i.e., the highest probable ratio.

(b) Determine L; fromequation 9-15 using a conservative val ue of
ki/kp , i.e., the highest probable ratio.

(c) Determine h, , h, , and F, fromequations 9-16, 9-17, and 9-18,
respectively. If F, < 3.0, the blanket thickness of the upstream bl anket may

be increased, the perneability of the upstream blanket material nmay be
decreased by conpaction, or downstream seepage control neasures may be used.

(d) Determine the rate of discharge through the pervious foundation per
unit length of dam from equation 9-19. If the rate of discharge is excessive,
a reduction can be obtained by increasing the thickness of the upstream bl anket
or reducing the perneability of the upstream blanket material by conpaction.
When these nmethods are used, steps 1 to 4 are repeated before going to step 5.

(e) If the rate of discharge is acceptable, calculate the factor

¢ = 1 (9- 20)

/(kf/kg‘iz d

R” bR

where ¢ has the units of 1/ft

(f) Enter figure 9-20 with ¢ and L, and obtain L, , which is the

di stance fromthe upstreamtoe of a honbgeneous inpervious damor the inper-
vious core section of a zoned enbanknent to where a discontinuity in the up-
stream bl anket will have no effect on the uplift at the downstreamtoe of the
dam or rate of discharge through the pervious foundation. This is the point
beyond which a natural blanket may be renmoved in a borrow ng operation.

Also, L, would represent the distance upstreamfromthe toe of the damto

whi ch a streanbed shoul d be blanketed to ensure the continuity of a natural
upstream blanket. If there is no downstream bl anket the pressure head under
the blanket at the downstream toe of the dam will be zero (see equation 9-16)
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. : 72
vious blankets (fromU. S. Department of Agriculture )

and the follow ng procedure is used to determne the length of the upstream
bl anket :

. Assune several values of L, (length of the upstream bl anket from

the upstream toe of a honobgeneous inpervious dam or the inpervious core
section of a zoned enbankment).
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. Calculate ¢ from equation 9-20 using the design thickness and
perneability rates for the constructed blanket and pervious foundation. Note
that ¢ has units of 1/ft.

. Enter figure 9-20 with the assunmed val ues of L, and the
cal cul ated values of ¢ to obtain the corresponding value of L, for each
assuned value of L,

. Calculate q; fromequation 9-19 (L; = 0 for no downstream
bl anket) using the values of L; obtained fromfigure 9-20.

. Plot qg; versus L, . The curve will indicate a rapid decrease in
gf W th increasing values up to a point where the curve flattens out indicat-

ing an optimum length. The upstream bl anket can be term nated at any point
where the desired reduction in rate of discharge through the pervious founda-
tion per unit length of damis achieved (Tal bot and Nelson 1979).

c. Mterials and Construction. At sites where a natural blanket of
i mpervious soil already exists, the blanket should be closely examned for
gaps such as outcrops of pervious strata, streanbeds, root holes, boreholes,
and simlar seepage paths into the pervious foundation which, if present
should be filled or covered with inmpervious material to provide a continuous
bl anket to a distance L, fromthe upstreamtoe of the dam Also, as

previously stated, upstream borrow areas should be |located greater than the
di stance L, fromthe upstreamtoe of the dam so as not to reduce the effec-

tiveness of the natural blanket. Figure 9-21 shows the influence of gaps in
the upstream bl anket on relative seepage and uplift at the toe of the dam

That portion of the upstream bl anket placed beneath the enbanknent to tie into
the inpervious core should be conposed of the same material and conpacted in
the same manner as the core. Upstream of the enbankment, the blanket is con-
structed by placing inpervious soil in lifts and conmpacted only by novenent of
haul ing and spreading equipment, or to whatever additional extent is necessary
for equipnent operation. Exposed clay blankets can shrink and crack after

pl acenent . If such cracks penetrate the blanket, they will reduce the effec-
tiveness of the blanket. Thus it may beconme necessary to sprinkle the surface
of the blanket to help retain moisture until a permanent pool is inpounded. In
hi gher reaches of abutnents which are infrequently flooded by the reservoir, a
t hi cker blanket may be required so that cracks will not fully penetrate the

bl anket . In colder climates, the blanket thickness should be increased to
account for the |oosening of the upper part of the blanket by frost action

whi ch substantially increases the perneability.

d. Reservoir Siltation. For some reservoirs, appreciable siltation
occurs which may both increase the thickness of and | engthen the upstream
bl anket. Although the siltation may reduce the rate of discharge through the
pervious foundation with time, it is not a factor to be counted upon in design
because the upstream bl anket nust function adequately following initial fill-
ing of the reservoir prior to the occurrence of siltation.
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Figure 9-21. Effect of gap in upstream blanket on relative seepage
and uplift at toe (courtesy of John WIley and Sons 155)

9-6. Downstream Seepage Berns.

a. Introduction. Wwen a conplete cutoff is not required or is too
costly, and it is not feasible to construct an upstream inpervious blanket, a
downstream seepage berm may be used to reduce uplift pressures in the pervious
foundation underlying an inpervious top stratum at the downstream toe of the
dam  CQther downstream underseepage control neasures (relief wells or toe
trench drains) are generally required for use wth downstream seepage berns.
Downst ream seepage berns can be used to control underseepage efficiently where
the downstream top stratumis relatively thin and uniform or where no top
stratumis present, but they are not efficient where the top stratumis
relative thick and high uplift pressures develop. Downstream seepage berms
may vary in type from inpervious to conpletely free draining. The selection
of the type of downstream seepage berm to use is based upon the availability
of borrow materials and relative cost of each type.

h. Design Considerations. Wen the top stratum or pervious foundation
consists of several layers of different soils, they rmust be transformed into a
single stratum with an effective thickness and perneability (see procedure
given in U S Arny Engineer Waterways Experinent Station 1956a). \Were a
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downstream natural blanket is present, the downstream seepage berm should have
a thickness so that the factor of safety against uplift or heaving at the down-
streamtoe of the damis at least 3 and width so that the factor of safety
against uplift at the downstream toe of the seepage bermis at least 1.5
Fornmul as for the design of downstream seepage berns where a downstream natura
bl anket is present are given in figure 9-22. If there is no downstream natural
bl anket present, the need for a downstream seepage berm will be based upon
Bligh's creep ratio.

X, + + X
where
cg = Bligh's creep ratio
X = effective length of upstream bl anket
L, = length of dam base
X = width of downstream seepage berm
h = net head on dam

M ni num acceptabl e values of Bligh's creep ratio are given in table 9-10. If
the creep ratio is greater than the mnimm value, a downstream seepage bermis

not required.(l) If the creep ratio is less than the mininumvalue, the width
of the downstream seepage berm should be made such that the creep ratio is
above the ninimm value shown in table 9-10. The thickness of the downstream
seepage bermat the toe of the damw || be determned so that the factor of
safety against uplift or heaving at the downstreamtoe of the damis at

| east 3. The pressure head beneath the downstream seepage berm at the |andside
toe of the levee is

h(X + 0.43d)

o Xl + L2 + X + 0.43d

h

(9-22)

wher e

h, = pressure head under the seepage bermat the downstreamtoe of the
dam

(A downst ream seepage berm nay be required to correct other problens such

as excessive seepage gradi ents under the dam (could be detected by check-
ing the rate of underseepage).
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d = thickness of pervious foundation
X, = effective length of upstream natural blanket (taken equal to 0.43d

where no upstream natural blanket exists)

The rate of discharge through the pervious foundation per unit |length of dam
is

' kchd
U "X ¥, + X ¥0.43 (9-23)
wher e
g; = rate of discharge through the pervious foundation per unit |ength
of dam
ki = horizontal perneability of pervious foundation

As stated previously, the acceptable rate of discharge or underseepage depends
upon the value of the water or hydropower lost, availability of downstream
right-of-way, and facility for disposal of underseepage. Downstream seepage
berms shoul d have a mninumthickness of 10 ft at the damtoe and a m ni mum
thickness of 5 ft at the bermtoe. The conputed thickness of the berm should
be increased 25 percent to allow for shrinkage, foundation settlenents, and
variations in the design factors. Downstream seepage berns should have a

sl ope of 1V on 50H or steeper to ensure drainage (U S. Arny Engineer Waterways
Experinment Station 1956a).

c. Materials and Construction. As previously stated, the selection of
the type of material used to construct the downstream seepage berm is based
upon the availability of borrow materials and relative cost of each type. A
berm constructed of inpervious soil should be conposed of the sane naterial as
the inpervious core. That portion of the downstream inpervious seepage berm
pl aced beneath the enbanknent to tie into the inpervious core should be com
pacted in the sanme nanner as the core. Downstream of the enmbankment, the
i mpervious seepage bermis constructed by placing inpervious soil in lifts and
compacting only by moverment of hauling and spreadi ng equi prent, or to whatever
additional extent is necessary for equipnent operation. Senipervious naterial
used to construct downstream seepage berns shoul d have an in-place vertica
perneability equal to or greater than that of the upstream natural blanket and
are conpacted in the sane manner as described previously for inpervious nate-
rial. Material used in a sand berm shoul d be as pervious as possible, with

a mninum in-place vertical perneability of 100 x 10'4 cmper sec. Downstream
seepage berns constructed of sand should be conpacted to an average in-place
relative density of at least 85 percent with no portion of the berm having a
relative density less than 80 percent. As proper functioning of a downstream
seepage berm constructed of sand depends upon its continued perviousness, it
should not be constructed until after the downstream slope of the earth dam has
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Table 9-10. Mnimum Bligh's Creep Ratios for Dams
Founded on Pervious Foundations (a)

M ni num Bligh's

Mat eri al Creep Ratio
Very fine sand or silt 18
Fine to nmedium sand 15
Coarse sand 12
Fine gravel or sand and gravel 9

Coarse gravel including cobbles

(a) From U S. Arny Engi neer \Waterways Experinment
St ati on*?°

beconme covered with sod and stabilized so that soil particles carried by sur-
face runoff and erosion will not clog the seepage berm If it is necessary to
construct the downstream seepage berm at the time the earth damis built or
before it has become covered with sod, an interceptor dike should be built at
the intersection of the downstream toe of the dam and the seepage bermto pre-
vent surface wash from clogging the seepage berm A free-draining downstream
seepage berm is one conposed or random fill overlying horizontal sand and
gravel drainage layers with a termnal perforated collector pipe system (U S
Arny Engi neer Waterways Experinent Station 1956a).

9-7. Relief Wells.

a. Introduction. \Wwen a conplete cutoff is not required or is too
costly, relief wells installed along the downstream toe of the dam may be used
to prevent excessive uplift pressures and piping through the foundation.
Relief wells increase the quantity of underseepage from 20 to 40 percent
dependi ng upon the foundation conditions. Relief wells may be used in conbi-
nation with other underseepage control neasures (upstream inpervious blanket
or downstream seepage bern) to prevent excessive uplift pressures and piping
through the foundation. Relief wells are applicable where the pervious foun-
dation has a natural inpervious cover. The well screen section (see fig-
ure 9-23), surrounded by a filter if necessary, should penetrate into the
principal pervious stratum to obtain pressure relief, especially where the
foundation is stratified. The wells, including screen and riser pipe, should
have a diameter which will permt the maximum design flow without excessive
head losses but in no instance should the inside dianeter be less than
6 in. Filter fabrics should not be used in conjunction with relief wells (see
Appendix D). Even in nearly honmpbgeneous stratum a penetration of l|ess than
50 percent results in significant rise in pressure nidway between adjacent
wells, or requires close spacing. Relief wells should be located so that
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Figure 9-23. Typical relief well (after EM 1110-2-1913)
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their tops are accessible for cleaning, sounding for sand, and punping to
determ ne discharge capacity. Relief wells should discharge into open ditches
or into collector systems outside of the dam base which are independent of toe
drains or surface drainage systenms. Experience with relief wells indicates
that with the passage of time the discharge of the wells wll gradually
decrease due to clogging of the well screen and/or reservoir siltation. A
conprehensive study of the efficiency of relief wells along the M ssissipp
River levee showed that the specific yield of 24 test wells decreased 33 per-
cent over a 15-year period. Incrustation on well screens and in gravel filters
was believed to be the major cause (Mntgonery 1972). Therefore, the anmount of
wel | screen area should be designed oversized and a pi ezoneter systeminstalled
between the wells to neasure the seepage pressure, and if necessary additiona
relief wells should be installed (EM 1110-2-2300, U S. Arny Engineer Waterways
Experiment Station 1956a, Singh and Sharma 1976).

b. History of Use. The first use of relief wells to prevent excessive
uplift pressures at a damwas by the U S. Army Engineer District, Omaha, when
21 wells were installed from July 1942 to Septenber 1943 as renedial seepage
control at Fort Peck Dam Mntana. The foundation consisted of an inpervious
stratum of clay overlying pervious sand and gravel. Although a steel sheetpile
cutoff was driven to shale, sufficient |eakage occurred to devel op high hydro-
static pressure at the downstream toe that produced a head of 45 ft above the
natural ground surface. This uplift pressure was first observed in piezoneters
installed in the pervious foundation. The first surface evidence of the high
hydrostatic pressure came in the form of discharge from an old well casing that
had been left in place. Since it was inmportant that the installation be nmade
as quickly as possible, 4- and 6-in. well casings, available at the site, were
slotted with a cutting torch and installed in the pervious stratum with solid
(riser) pipe extending to the surface. Wells were first spaced on 250-ft
centers and later intermediate wells were installed making the spacing 125 ft.
The hydrostatic pressure at the downstream toe was reduced from 45 to 5 ft and
the total flow fromall wells averaged 10 cu ft per sec (U S. Arny Engineer
District, Omha 1982). The first use of relief wells in the original design of
a dam was by the U S Arny Engineer District, Vicksburg, when wells were
installed during construction of Arkabutla Dam M ssissippi, conpleted in June
1943. The foundation consisted of approxinmately 30 ft of inpervious |oess
underlain by a pervious stratum of sand and gravel. The relief wells were
installed to provide an added measure of safety with respect to uplift and
pi ping along the downstream toe of the embanknent. The relief wells consisted
of 2-in. brass wellpoint screens 15 ft long attached to 2-in. galvanized
wrought iron riser pipes spaced at 25-ft intervals |ocated along a |line 100 ft
upstream of the downstream toe of the dam The top of the well screens was
installed about 10 ft bel ow the bottom of the inpervious top stratum The well
efficiency decreased over a 12-year period to about 25 percent primarily as a
result of clogging of the wells by influx of foundation materials into the
screens and/or the devel opnent of corrosion or incrustation. However, the
pi ezonetric head along the downstream toe of the dam including observations
made at a time when the spillway was in operation, has not been nore than 1 ft
above the ground surface except at sta 190+00 where a maxi num excess hydro-
static head of 9 ft was observed (U S. Arny Engineer Waterways Experinent
Station 1958). Since these early installations, relief wells have been used at
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many dans to prevent excessive uplift pressures and piping through the
f oundati on.

c. Design Considerations.

(1) Ceneral. The factors to be considered in determning the need for
and designing a relief well systeminclude characteristics of the |andside top
stratum perneability, stratification, and depth of the pervious foundation in
whi ch. seepage is to be controlled; net head acting on the dam dinensions of
the relief well system being considered; allowable factor of safety wth
respect to uplift at the downstreamtoe of the dam and allowable rate of dis-
charge through the pervious foundation. Sone factors, like the net head act-
ing on the dam can be determined with good accuracy. Qher factors |ike
perneability and stratification are nore difficult to assess. The design of
the relief wells should be based on the best estimate of perneability val ues
and then subjected to a sensitivity analysis using several values of perne-
ability to ensure that the adopted design is adequate to intercept seepage and
| ower uplift pressures to the required extent allowing for the |ikelihood that
the values of perneability used in design |ake precision (Kaufman 1976). The
area between the dam abutments is divided into reaches where geol ogi ¢ and soi
conditions are assunmed uniformwthin the reach (see figure 9-24). Generally,
the design procedure for relief wells consists of determining the head which
woul d exi st along the downstreamtoe of the damwi thout relief wells, conpar-
ing this head to that desired for a given factor of safety, and designing a
relief well systemto reduce the head to the desired value. There is no
uni que solution because there is an infinite nunber of well systens (radius,
penetration, spacing, etc.) which reduce the head to the given value. The
objective is to select one which is econonical, has reasonabl e di nensions, and
can produce the desired results. Usually the designer selects the radius and
penetration and then determne the required spacing of the well system This
becones an iterative procedure wherein the designer assunmes a val ue of well
spacing, computes the head between wells and repeats this for several tria
spacings until a spacing is found that produces the desired head al ong the
downstream toe of the dam The cost of the well systemis determi ned and then
a design can be prepared for a different penetration to deternmne if sone
econony can be achieved by changing the penetration of the system Fully pene-
trating relief wells are often used in aquifers up to about 75 ft thick. For
| arger depths of pervious strata, it is usually nore economcal to have wel
systenms with 50 percent or greater penetration at closer spacing. The equa-
tions for relief well design depend upon the values of the source of seepage
and seepage exit length as shown in figure 9-25. The source of seepage is
assuned to be a line source parallel to the well system and the dam axis. The
| ocation of the source of seepage depends upon the thickness and vertica
perneability of any natural top stratum upstream of the dam and any inpervious
bl anket constructed upstream of the dam the perneability and thickness of the
pervious foundation, and the presence of any borrow pits and/or najor erosion
features which reduce the thickness of the top stratum (see procedure to
eval uate the source of seepage given in U S. Arny Engineer Waterways Experi-
ment Station 1956a). The value of the seepage exit (X; in figure 9-25)

depends upon the thickness and perneability of the top stratum downstream from
the toe of the dam the thickness and perneability of the pervious substratum
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Figure 9-24. Profile of typical design reaches for relief
wel | analysis (prepared by WES)

and the presence of any geologic features and/or nman-made features which woul d
result in an open or blocked seepage exit. The procedure for conputation of
the seepage exit distance, rate of discharge through the pervious foundation
per unit length of dam and pressure head without relief wells is given in
figure 9-26. Cenerally relief wells have diameters of 6 to 18 in. and screen
lengths of 20 to 100 ft, depending on the requirenments. Some types of screens
used for wells are slotted or perforated steel pipe, perforated steel pipe
wrapped with steel wire, slotted wood stave pipe, and slotted plastic pipe

Ri ser pipe usually consist of the same material as the screen but does not
contain slots or perforations. The open area of a well screen should be suf-
ficiently large to maintain a low entrance velocity (< 0.1 ft per sec) at the
design flow in order to mnimze head | osses across the screen and reduce the
incrustation and corrosion rates. The entrance velocity is calculated by
dividing the expected or desired yield of the relief well by the area of open-
ings in the screen (Johnson Division, Universal QI Products Co. 1972). Fil-
ter packs around relief wells are usually 6 to 8 in. thick and nmust neet the
criteria specified in Appendix D. Head losses within the relief well system
consist of entrance head |loss, friction head loss in the screen and riser

pi pes, and velocity head loss as shown in figure 9-27. The effective wel
radius is that radius which would exist if there were no hydraulic head | oss

into the well. For a well without a filter, the effective well radius is
one-half the outside dianmeter of the well screen. Vhere a filter has been
pl aced around the well, the effective well radius is the outside radius of the

wel | screen plus one-half of the thickness of the filter.
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Figure 9-25. Design of relief wells (prepared by MVES)

(2) Effective Well Penetration. In a stratified foundation, the effec-
tive well penetration usually differs from that conputed from the ratio of the
length of well screen to the total thickness of the aquifer. The procedure
for determining the required length of well screen to achieve an effective
penetration in a stratified aquifer is as follows. Each stratum of the per-
vious foundation is first transformed into an isotropic layer (Leonards 1962)

d=4d" |+ (9-24)

wher e
d = transformed |ayer thickness
d" = actual layer thickness
ky = horizontal perneability of |ayer
k, = vertical perneability of Iayer
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The transfornmed perneability of each layer of the pervious foundation is
k = /kaV (9- 25)

where k is the transformed permeability of layer. The thickness of the
transformed, honbgeneous, isotropic pervious foundation is

D = VI(d'k)Z(d/ky) (9-26)

where D is the thickness of pervious foundation. The effective pernmeability
of the transfornmed pervious foundation is

Z(d'kH)
k =V E@Ty (%27

where Kk is the effective perneability of transforned pervious foundation.

The effective well screen penetration into the transformed pervious foundation
is

W= (9-28)

wher e

w= effective well screen penetration into transformed pervious
foundati on

w = actual well screen length

The percent penetration of the well screen into the transformed pervious
foundation is
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= (9-29)

where D is the actual pervious foundation thickness.

(3) Factor of Safety. The factor of safety against uplift or heaving
at the downstreamtoe of the ham based upon the critical gradient, is

1 Ysub/Yw Ysub/Yw
Fh =1 =T 77 = o (9-30)
o a’ bL Yw a

wher e

= factor of safety against uplift or heaving at the downstreamtoe
of the dam

i cg = critical upward hydraulic gradient under the top stratumat the
downstream toe of the dam

= al | owabl e upward hydraulic gradient under the top stratumat the
downstream toe of the dam

(e}
|

subnerged unit weight of downstream top stratum soi

h, = all owabl e pressure head under the top stratum at the downstream
toe of the dam

t hi ckness of downstream top stratum

N
o
=

1

unit weight of water

<
I

The factor of safety against uplift or heaving at the downstreamtoe of the dam

(1)

provided by the relief well systemshould be at least 1.5

(4) Infinite and Finite Relief Wl Systems. Fornulas for the design
of relief wells are based on the assunption that the flow is |amnar,

(1) Relief wells should be designed to reduce the excess head to zero to pre-
vent upward seepage from occurring beneath the downstream top stratum
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artesian, and continuous and that a steady-state condition exists. Relief wel
systems are considered to be infinite or finite in length. The terminfinite
is applied to a system of wells that conforns approximately to the follow ng

i deal i zed conditions:

(a) The wells are equally spaced and identical in dimensions.

(b) The pervious foundation is of uniform depth and perneability al ong
the entire length of the system

(c) The effective source of seepage and the effective |ine of
downstream exit are parallel to the line of wells.

(d) The boundaries at the ends of the relief wells are inpervious,
normal to the line of wells, and at a distance equal to one-half the well
spaci ng beyond the end wells of the system

If these conditions exist, the flowto each well and the pressure distribution
around each well are uniformfor all wells along the line. Therefore, there
is no flow across planes centered between wells and nornal to the line, hence
no overall longitudinal conponent of flow exists anywhere in the system The
terminfinite is applied to such a system because it may be anal yzed mat he-
matically by considering an infinite nunber of wells; the actual number of
wells in the system may be fromone to infinity. Nornally, a line of relief
wel I's bel ow a dam extending entirely across a valley and ternminating at rela-
tively inpervious valley walls should be designed as an infinite line. A
finite systemof wells in any systemthat does not approximte the idealized
condition for the infinite system \enever a najor and abrupt change in the
character of the system such as penetration or well spacing mght result in
an appreci abl e conponent of flow parallel to the line of wells, the use of
design procedures for finite systens will be used (see U S. Arny Corps of
Engi neers 1963).

(5) Drawdown to Infinite Line of Fully Penetrating Relief Wells with
| npervious Top Stratum Where the flowto an infinite line of fully pene-
trating relief wells is froman infinite line source and the top stratumis

assumed to be conpletely inpervious,(l) as shown in figure 9-28. The drawdown
produced by an equivalent continuous slot is

= QwL
e kDa

H-h (9-31)

(1) Al'so appl i cabl e-when the top stratumis sem pervious provided the well
systemis located in a drainage ditch and the head is kept below the
ground surface on the downstream side of the dam to prevent any seepage
upward through the top stratum Under these conditions, the downstream
top stratum acts as if it is inpervious.
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wher e
H - h, = drawdown produced by flow from conti nuous sl ot
Qu = discharge from equival ent continuous sl ot
L = distance fromline source of seepage to wells
k = effective perneability of transformed pervious foundation
D = thickness of transforned pervious foundation

a = well spacing

However, an additional head occurs because of converging flow at the wells.
This head loss is a function of well flow, well spacing and penetration, well
radius, and thickness and perneability of the pervious foundation. For fully
penetrating wells

% a

Ahy = o In Znr_ (9-32)
wher e
Ahw = head loss at well due to converging flow (see figure 9-28)
ro, = effective radius of well (outside radius of well screen plus
one-half of the thickness of the filter)
The total drawdown at the well, neglecting hydraulic head |osses in the well,

is that at the slot plus that due to the well
H-hw=H—he+Ahw (9-33)

Substituting equations 9-31 and 9-32 into equation 9-33

L
% % 1n == (9- 34)

H-h, =%5; 770 2T,
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Figure 9-28. Flow to an infinite line of fully penetrating
relief wells froman infinite line source of seepage (after

Leonar ds?°°)

The head mdway between wells will exceed the head at the well by

% a

4h = 5= In onr, (9-35)
where Ah_ is the head increase nmidway between wells. The drawdown nidway
between wWltis is

H-nh =m-0.11-—kﬁ' (9'36)

At a distance downstream from the well system the head will exceed that at
the well by
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wher e AhD is the head increase downstream of wells.
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h,. - h
H-h = D W
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(9-37)

The drawdown downstream

(9- 38)

Drawdown to Infinite Line of Partially Penetrating Relief Wlls
with Inpervious Top Stratum

For an infinite line of partially penetrating
relief wells where the flowis froman infinite |line source and the top stratum

is assuned to be inpervious (or sem pervious as previously described) the head
| oss at

the partially penetrating well

8
AR = Qw avg
w

due to converging flow is

D (9-39)
wher e eav is the average uplift factor (obtained fromfigure 9-29). The
total drawdown at the partially penetrating well,

negl ecting hydraulic head
losses in the well, is that at the slot plus that due to the well

%W (L
H- hw B Eﬁh(a + eavg)

The head m dway between partially penetrating wells will

(9- 40)

exceed the head at
the well by
% n
Ahm T (9-41)
wher e
emis the midpoint uplift factor (obtained from figure 9-29). The draw
down mi dway between partially penetrating wells is
H-h S Lyo 0 (9-42)
kD \a avg m)
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Figure 9-29. Nomograph for obtaining uplift factors for design of partially penetrating
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relief wells (from U.S. Army Engineer Waterways Experiment Station )
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(7) Drawdown to Infinite Line of Relief Wlls with Sem pervious Top
Stratum  \WWere the top stratumis sem pervious, the need for relief wells is
eval uated by determining the piezonetric grade line without relief wells using
bl anket formulas given in figure 9-26. As stated previously, the factor of
safety against uplift or heaving at the downstreamtoe of the dam as deter-

m ned fromequation 9-30, should be at |east 1.5. [f relief wells are
required, the spacing for an infinite line of relief wells for a given pene-
tration is determ ned using a procedure of successive trials and the nonobgraph
given in figure 9-29. The required well spacing is affected by hydraulic head
| osses in the well which are estimated from figure 9-27. The procedure for
computing the well spacing is as follows:

(a) Conpute the allowable pressure head under the top stratum at the
downstream toe of the dam from

Y Z
ha = _EEE?EL (9-43)
Ywh

wher e

h, = allowabl e pressure head under the top stratumat the downstream
toe of the dam

Yeub = subnerged unit weight of downstreamtop stratum soi
Z, = thickness of downstreamtop stratum
Y, = unit weight of water

F, = factor of safety against uplift or heaving at the downstreamtoe
of the dam

(b) Assume that the net head in the plane of the wells equals the
al | owabl e pressure head under the top stratumat the downstreamtoe of the dam

and conpute the net seepage gradient toward the well |ine
h - Havg Havg
AM = 5 -3 (9-44)
3
wher e
AM = net seepage gradient toward the well l|ine
h = net head acting on the dam

Hayg = Net head in the plane of the wells
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S = distance fromline of relief wells to effective source of seepage
entry (see procedure in U S. Arny Engineer \Waterways Experinent
Station 1956a)

= distance fromline of relief wells to effective seepage exit (see

X3 procedure in figure 9-26)

Setting H,y = h, in equation 9-44 gives

h - ha ha
AM = 5 "% (9-45)
3
(c) Assune a well spacing and conmpute the flow froma single well
k
h fD
Q, = ST X = a AMk D (9- 46)
S + 3 eav
a X3 g

where
Q, = flow froma single well

ki = effective perneability of transformed pervious foundation

D = transforned thickness of pervious foundation
a = well spacing
eavg = average uplift factor (obtained from figure 9-29)

(d) Estimate the total hydraulic head loss in the well from
figure 9-27

(e) Conpute the net average head in the plane of wells above the tota

head loss in the well including elevation head |oss (see figure 9-25) from
h = H - H (9-47)
avg avg w
wher e
h,,, = net average head in the plane of wells above the total head |oss

in the well including elevation head |oss
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H = net head in the plane of wells

avg

Hw = total head loss in the well including elevation head |oss

(f) Substitute values obtained fromaM and h,,, from equation 9-45
and 9-47, respectively, and solve for the average uplift factor

h
avg
8avg T ahM (9-48)

where is the average uplift factor.
avg

(9) Fi nd eavg fromfigure 9-29 using the values of a used in
equation 9-48 and the corresponding a/r,and D/'a values.

(h) The first trial well spacing is that of value a for which 6 v
fromstep (f) equals eavg fromstep (Q). &

(i) Find 6  fromfigure 9-29 for the first trial well spacing and the
correspondi ng val des of alr, and Da .

(j) | f eavg > Gm » repeat steps (c¢) to (i) using the first trial well
spacing in lieu of the spacing originally used in step (c), and determ ne the
second trial well spacing. This procedure should be repeated until relatively
consi stent values of a are obtained on two successive trials. Usually the

second trial spacing is sufficiently accurate

If in step (), eavg > em , a modified procedure is used for the second trial

(k) Assune H, = h, and conpute Qy from equation 9-46 using the

value of AM obtained in step (b) and the first trial well spacing from
step (h).

(1) Estimate H, from Q, of step (k) and figure 9-27

(m Conpute the net head beneath the top stratum nm dway between the
wel |'s above the total head loss in the well including elevation head | oss (see
figure 9-25) from

h =H -H (9-49)

wher e

h, = net head beneath the top stratum nm dway between the wells above the
total head loss in the well including elevation head |oss

9-79



EM 1110-2-1901

30 Sep 86
Ho net head beneath the top stratum mdway between the wells
m
Ho S total head loss in the well including elevation head |oss
W
(n) Using 8 and 6 from steps (h) and (i), respectively, conpute
h from ave n
avg
eav
= 28 (9-50)
avg €m
wher e havg is the net head in the plane of wells.

(o) Using H, and h,,, fromsteps (1) and (n), respectively, and
conpute H,,, from

H__=H +h (9-51)
avg W avg

(p) Compute AM from equation 9-44 using H,yg fromstep (o).

(q) Using h, and AMfrom steps (m and (p), respectively, conpute
em for various values of a from

=2

8 =

. 3 (352

wher e em is the mdpoint uplift factor.

(r) Find em fromfigure 9-29 for the values of a used in step (Q)
and the corresponding a/r, and D/a val ues.

(s) The second trial well spacing is that value of a which em from
step (qg) equals 9m fromstep (r).

(t) Find eavg from figure 9-29 for the second trial well spacing and
the corresponding values of a/r, and Da .
(u) Determine the third trial well spacing by repeating steps (k) to

(t) using the second trial well spacing in lieu of the spacing originally
assuned in step (k), and in step (n) using the val ues of . and eavg from

steps (s) and (t), respectively, instead of those from steps (h) and (i). This
procedure should be repeated until relatively consistent values of a are
obtained on two successive trials. Normally, the third trial is sufficiently
accurate.
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(8) Drawdown to Finite Line of Relief Wells. In a short, finite line of
relief wells, the heads mdway between wells exceed those for an infinite line
of wells both at the center and near the ends of the well systemas shown in
figure 9-30. Note that the pressures between wells, or nidpoint pressures, are
| ower at the center of the well systemand gradually increase towards the end
of the line. Wth an infinite line of wells, the heads mi dway between wells
are constant along the entire length of the well line. Nunmerous well systens
may be fairly short, and for these it will be necessary to reduce the well
spacing conputed for an infinite line of wells so that heads m dway between
wells will not be nore than the allowabl e pressure head under the top stratum
at the downstream toe of the dam The ratio of the head mdway wells at the
center of finite well systens to the head between wells in an infinite |line of
wells, for various well spacings and seepage exit lengths, is given in
figure 9-31. The spacing of relief wells in a finite line should be the sane
as that required in an infinite line of wells to reduce the head m dway
between wells to h, divided by the ratio ome /Hm fromfigure 9-31. In

n [+ o]

any finite line of wells of constant penetration and spacing, the head m dway
between wells near the ends of the system exceeds that at the center of the
system Thus at the ends of both short and Iong well systems, the relief
wel | s shoul d generally be made deeper to provide additional penetration of the
pervious substratumso as to obtain the same head reduction as in the centra
part of the well line. The above-nentioned procedures for designing finite
relief well systens, although approximate, are usually sufficient. Mre exact
but nmore conplex, procedures are available (see U S. Arny Corps of Engineers
1963) .

HEAD AT DAM TOE, NO WELLS

N .

MIDPOINT r

PRESSURE
ENVELOPE - PRESSURE RELIEF
PROFILE ALONG
WELL LINE
PRESSURE AT weLLs®
\ Hm
WELL NUMBER ———w | 2 3 4 ) 6  Hy o
N ! !
a a a iA a a r \TAILWATER

TOTAL LENGTH OF SYSTEM

*
PRESSURE AT WELLS EQUALS TAILWATER EL + Hy.

Figure 9-30. Variation of pressure relief along a finite line of relief
well's (after EM 1110-2-1905)
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Figure 9-31. Ratio of head midway between relief wells at center of a finite well system to
head midway between wells in an infinite system (from U.S. Army Engineer Waterways Experi-~

ment Station 120)

98 dss 0¢g
T06T -2-0TTT W3



EM 1110-2-1901
30 Sep 86

d. Installation. While the specific materials used in the construction
of relief wells and nethods of installation differ, relief wells are basically
very simlar. They consist of a boring to facilitate the installation, a
screen or slotted pipe section to allow the entrance of ground water, a filter
to prevent entrance and ultimate |oss of foundation material, a riser pipe to
conduct the water to the ground surface, a check valve to prevent backfl ooding
and entrance of foreign material detrimental to the installation, backfill to
prevent recharge of the formation by surface water, a bottom plug to prevent

i nflow of soil,(l) a V-notch weir at the top of the relief well to facilitate
neasurenent of flow, and a cover and sone type of barricade protection to pre-

vent vandalism and damage to the top of the well by nmaintenance crews, |ive-
stock, etc. (see figure 9-23). Followi ng devel opnent of the relief well, a
punpi ng test should be conducted to deternmine the specific yield of the well
and the amount of sand infiltration. Information from the punping test is

used to determne the acceptability of the well and for evaluating any changes
in performance or loss of efficiency with tine. Procedures for installation,
devel opnent, and punping tests are given in EM 1110-2-1913. A guide specifi-
cation for relief wells is available.

e. Mnitoring. As nentioned previously, the discharge of relief wells
gradual ly decreases with time due to clogging of the well screen and/or reser-
voir siltation. Piezoneters should be installed between relief wells to
deternmi ne the seepage pressure in the main pervious strata. Relief wells
should be sounded for sand and punped to determine their discharge capacity
under varying reservoir levels (see Chapter 13). A trend toward fall in
relief well discharge acconpanied by a fall in piezonmetric levels indicates a
decrease in underseepage due to reservoir siltation and is favorable. How
ever, a decrease in relief well discharge acconpanied by a rise in piezonetric
level s indicates clogging of the relief wells and immediate rehabilitation
and/or replacement of the wells or installation of additional wells is
required (Singh and Sharnma 1976). The operation, maintenance, and rehabili-
tation of relief wells is discussed in Chapter 14.

9-8. Trench Drain.

a. Introduction. \Wen a conplete cutoff is not required or is too
costly, a trench drain may be used in conjunction with other underseepage con-
trol measures (upstream inpervious blanket and/or relief wells) to contro
underseepage. A trench drain is a trench generally containing a perforated
col l ector pipe and backfilled with filter material (see figure 9-32). Trench
drains are applicable where the top stratumis thin and the pervious founda-
tion is shallow so that the trench can penetrate into the aquifer. The exis-
tence of noderately inpervious strata or even stratified fine sands between the
bottom of the trench drain and the underlying main sand aquifer wll render
the trench drain ineffective. Were the pervious foundation is deep, a trench
drain of practical depth would only attract a small portion of underseepage
and detrimental underseepage would bypass the drain and emerge downstream of
the drain, thereby defeating its purpose. Trench drains may be used in

(1) For partially penetrating relief wells, the bottom plug should be such
that future screen extension will be possible,
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conjunction with relief well systems to collect seepage in the upper pervious
foundation that the deeper relief wells do not drain. |If the volume of seepage
is sufficiently large, the trench drain is provided with a perforated pipe. A
trench drain with a collector pipe also provides a neans of measuring seepage
quantities and of detecting the location of any excessive seepage (U S. Arny
Engi neer Waterways Experiment Station 1956a, EM 1110-2-1911, EM 1110-2-1913,
and Cedergren 1977).

b. Location and CGeonetry. Trench drains are generally located at the
downstream toe of the dam as shown in figures 9-32a and 9-32c, but are sone-
times |ocated beneath the downstream slope of the dam as shown in figure 9-32b.
Trench geonmetry will depend on the volume of expected underseepage, desired
reduction in uplift pressure, construction practicalities, and the stability of
the material in which the trench is to be excavated. Trenches with widths as
small as 2 to 6 ft have been used. However, narrow trench widths require
special conpaction equiprment (em 1110-2-1913).

c. Design Considerations. The maxi num head at the base of an inper-
vious top stratum downstream of a toe trench drain overlying a honpgeneous,
i sotropic, pervious foundation may be conputed from figure 9-33. The distance
to the source of seepage may be evaluated using the procedure given in U S
Arny Engi neer Waterways Experiment Station 1956a. |f the pervious foundation
is stratified, it is transformed into an isotropic layer, as described pre-
viously (see Equations 9-24 to 9-27) prior to using figure 9-33. The' factor of
safety against uplift or heaving at downstream toe of the dam provided by the
trench drain should be at least 1.5. |f the downstreamtop stratumis seni-
pervious, seepage into the trench, and the maximum head | andward of the
trench, will be sonewhat less than that conputed from figure 9-33 giving a
slightly conservative design. Wen there is no downstreamtop stratum seep-
age flow into the trench can be estinated froma flow net analysis (U S Arny
Engi neer \Waterways Experinent Station 1956a).

d. Construction. A trench drain usually contains a perforated pipe,
surrounded by filter gravel, and backfilled with sand as shown in figure 9-34.
Materials in trench drain nust satisfy the filter gradation criteria given in
Appendix D. As filter materials are placed, they nust be protected from
contanmination resulting from inwash that mght occur during a rainfall. The
same control procedures are used for trench drains as those used in construc-
tion of pervious fill in the main enbanknent (EM 1110-2-1911).

9-9. Concrete Galleries. Internal reinforced concrete galleries have been
used in earth and rockfill dans built in Europe, for grouting drainage, and
monitoring of behavior. Galleries have not been constructed in enmbankment
dans built by the Corps of Engineers to date. Sone possible benefits to be
obtained fromthe use of galleries in earth and rockfill dans are as follows
(Sherard et al. 1963):

a. Construction of the enbankment can be carried out independently of
the grouting schedul e.
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b. Drain holes drilled in the rock foundation downstream from the grout
curtain can be discharged into the gallery and observations of the quantities

of seepage in these drain holes will
occurring.

c. Galleries provide access to the foundation during and after
grouting or
and the results evaluated from direct

filling so that additiona

d. The additional weight of

grout pressures to be used.

eg. @lleries can be used to house enbankment

tation outlets in a nore convenient
stream toe of the dam

f.If
surface along the |ongitudina
tunnel for the rock foundation

the overlying enbankment

the gallery is constructed in the form of a tunne
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i ndi cate where foundation |eaks are

reservoir

drainage can be installed, if required,

observati ons.

al l ows hi gher
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bel ow the rock

it serves as an exploratory
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Figure 9-34. Trench drain with collector
pipe (from EM 1110-2-1913)

The mninmum si ze cross section recomrended for galleries and access shafts is 8

by 8 ft to accommpdate drilling and grouting equiprment. A gutter |ocated al ong
the upstreamwall of the gallery along the line of grout holes will carry away
cuttings fromthe drilling operation and waste grout fromthe grouting opera-

tion. A gutter and systemof weirs |ocated al ong the downstreamwall of the

gallery will allow for determination of separate flow rates for foundation
drains (EM 1110-2-3502, and Blind 1982).
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CHAPTER 10
SEEPAGE CONTRCL THROUGH EARTH ABUTMENTS ADJACENT TO STRUCTURES
AND BENEATH SPI LLWAYS AND STILLI NG BASI NS

10-1. Through Earth Abutnents. Earth and rock-fill danms, particularly in
glaciated regions, may have pervious material, resulting fromfilling of the
preglacial valley with alluvial or norainal deposits followed by the down-
cutting of the stream in one or both abutnents (Twel ker 1957). Seepage
through the pervious abutment(s) is conbined with through seepage and under-
seepage to deternine the total seepage loss. As nentioned previously, the pur-
pose of the project, i.e., long-term storage, flood control, hydropower, etc.,
will determine the allowable seepage |oss. Seepage control through earth
abutnents is provided by extending the upstream inpervious blanket in the
lateral direction to wap around the abutment up to the maxi num water surface
el evation, by placing a filter layer between the pervious abutment and the dam
downstream of the inpervious core section, and, if necessary, by installing
relief wells at the downstream toe of the pervious abutnent. At the North
Branch of Kokosing Dam Chio, the left abutment is an outwash terrace consist-
ing of sands and gravels with layers of silt and clay as shown in figure 10-1.
Seepage control through the pervious abutnment was provided by a 5-ft-thick

i mpervious upstream bl anket which wrapped around the left abutment, a filter

| ayer between the pervious abutment and the dam downstream of the inpervious
core (see figure 10-2), and three fully penetrating relief wells at the down-
stream toe of the pervious abutnment (U S. Arny Engineer District, Huntington
1969) .

10-2.  Adjacent to Qutlet Conduits. Wen the dam foundation consists of com
pressible soils, the outlet works tower and conduit should be founded upon or
in stronger abutnment soils or rock. Wen conduits are laid in excavated
trenches in soil foundations, concrete seepage cutoff collars shall not be
provided solely for the purpose of increasing seepage resistance since their
presence often results in poorly conpacted backfill around the conduit. Col-
lars, with a mininum projection from the conduit surface, will be used over
conduit joints to protect against joint displacements resulting from differen-
tial moverment on yielding foundations. Excavations for outlet conduits in

soil foundations shall be wide enough to allow for backfill conpaction

parallel to the conduit using heavy rolling conpaction equipnent. Equi prent
used to conpact along the conduit should be free of framng that prevents its

| oad transferring wheels or drum from working against the structure. Excavated
slopes in soil for conduits should be no steeper than 1V to 2H to facilitate
adequat e conpaction and bonding of backfill with the sides of the excavation.
Drai nage |ayers should be provided around the conduit in the downstream zone of
enmbankments without pervious shells. A concrete plug shall be used as backfil
in rock cuts for cut-and-cover conduits within the core zone to ensure a water-
tight bond between the conduit and vertical rock surfaces. The plug, which can
be constructed of lean concrete, should be at least 50 ft long and extend up to
the original rock surface. |In enbankments having a random or an inpervious
downstream shel |, horizontal drainage |ayers should be placed along the sides
and over the top of conduits downstream of the inpervious core. \Were outlet
structures are to be located in active seismc areas, special attention nust be
given to the possibility of novenent along-existing or possibly new faults

(EM 1110- 2- 2300) .
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10-3.  Beneath Spillways and Stilling Basins. Adequate drainage should be
provi ded under fToor slabs for spilTways and stilling basins to reduce uplift
pressures. For soil foundations, a drainage blanket under the slab with
transverse perforated pipe drains discharging through the walls or floor is
general Iy provided, supplenented in the case of stratified foundations by deep
wel | systems. Usually drainage of a slab on rock is acconplished by drain
holes drilled in the rock with formed hol es or pipes through the slab. The
drai nage blanket is designed to convey the seepage quickly and effectively to
the transverse collector drains. It is designed as a graded reverse filter
with coarse stones adjacent to the perforated drain pipe and finer material
adjacent to the concrete structure to prevent the migration of fines into the
drains. Qutlets for transverse drains in the spillway chute discharge through
the walls or floor at as low an elevation as practical to obtain maxi num pres-
sure reduction. \Wall outlets should be 1 ft mninum above the floor to pre-
vent blocking by debris. Cutoffs are provided at each transverse collector
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pipe to mnimze buildup of head in case of malfunction of the pipe drain.
Drains should be at least 6 in. in diameter and have at least two outlets to
mnimze the chance of plugging. Qutlets should be provided with flat-type
check valves to prevent surging and the entrance of foreign matter in the

drainage system For the stilling basin floor slab, it may be advantageous to
pl ace a connecting header along each wall and discharge all slab drainage into
the stilling basin just upstream from the hydraulic junp at the |owest practi-

cal elevation, in order to secure the nmaxi num reduction of uplift for the
downstream portion of the slab. A closer spacing of drains is usually
required than in the spillway chute because of greater head and considerable
difference in water depth in a short distance through the hydraulic junp.

Pi ezometers should be installed in the drainage blanket and deeper strata, if
necessary, to monitor the perfornmance of the drainage systens. |f the drains
or wells become plugged or otherw se noneffective, uplift pressures will
increase which could adversely affect the stability of the structure

(EM 1110-2-2400 and EM 1110-2-2300).
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CHAPTER 11
SEEPAGE CONTROL N ROCK FCUNDATI ONS AND ABUTMENTS

11-1. General Consi derations.

a. The choice of seepage control nethods to use in rock foundations and
abutments is dependent on a nunber of factors. Characterization of the founda-
tion or abutment and identification of potential seepage paths is essential.
Before any nethod of seepage control is inplemented, the area nust be
thoroughly explored and tested to assure that the method chosen will apply to
the general conditions as well as the conditions locally encountered and will
serve the intended purpose. In many cases, a conbination of methods can be
used to the best advantage for rock foundations or abutnents. The use of dif-
ferent control nethods becomes particularly inportant when there is a change in
the character of the foundation from one location to another, or a change in
seepage characteristics between the foundation and the abutnment.

b. Seepage should be cut off or controlled by drainage whenever econoni -
cally possible. Safety, however, nust be the governing factor for selecting a
seepage control nethod. It should be noted that the possibility exists for
control neasures to cause substantial increases in seepage rather than
decreases. Such increases are nornally acconpanied by reductions in uplift
pressures and are therefore desirable if the increased seepage produces no
detrinental side effects. In the final choice of a seepage control method, or
met hods, economic factors must be recognized and eval uat ed.

11-2. Cutof f Trenches.

a. No cutoff is 100 percent inpervious and therefore the reduction in
seepage from cutoff trenches is a relative matter. Cutoff trenches are nor-
mal |y enployed where the character of the foundation is such that the con-
struction of a satisfactory or effective grout curtain is not practical. Such
trenches, when constructed, are normally backfilled with conpacted inpervious
material, bentonite slurry, or neat cenent.

b. Construction of trenches in rock foundations and abutments nornally
involves blasting using the presplit method with primary hol es deck-|oaded
according to actual foundation conditions. After blasting, excavation is nor-
mal |y acconplished with a backhoe. Cutoff of seepage within the foundation is
obtai ned by connecting an inpervious portion of the foundation to the inper-
vious portion of the structure by backfilling the trench with an inpervious
materi al . In rock foundations, as in earth foundations, the inpervious |ayer
of the foundation, in some cases, may be sandwi ched between an upper and a
| oner pervious layer, and a cutoff to such as inpervious layer would reduce
seepage only through the upper pervious layer. However, where the thicknesses
of the inpervious and upper pervious are sufficient, the layers may be able to
resist the upward seepage pressures existing in the |lower pervious |ayer and
thus remain stable. Cutoff of seepage within the abutment is nornally
obtai ned by extending the cutoff from above the projected seepage line to an
i npervious layer within the abutnent. The type of backfill material is nor-
mal |y dictated by condition of the foundation or abutment, economcs, and
degree of cutoff required.
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11-3.  Abutnment |npervious Bl ankets.

a. Inpervious blankets overlying the upstream or riverside face of per-
vious abutnents, or foundations, are effective in reducing the quantity of
seepage and to sone extent wll reduce uplift pressures and gradients down-
stream  An inpervious blanket may be used for earthen or rock abutnents;
however, a filter material is normally required with rock abutnments.

h. The construction of inpervious blankets is particularly adaptable to
treating exposed pervious areas of abutments which are adjacent to the main

structure. In cases where a natural inpervious blanket exists on the abutnent,
ranging in depth froma few feet to many feet, full advantage should be taken
of the existing material. Upstream borrow along the abutment should be con-

trolled to prevent excessive excavation of the natural inpervious top blanket.
Conversely, localized areas which are thin and weak shoul d be reinforced by
the addition of additional inpervious material.

c. Blankets may sonetimes give adequate control of seepage water for |ow
head structures, but for high head structures it is usually necessary to incor-
porate a downstream drai nage systemas a part of the overall seepage-control
design.  The benefits derived from abutnent inpervious blankets are due to the
di ssipation of a part of the reservoir head through the blanket. The propor-
tion of head dissipated is dependent upon the thickness, length, and effective
perneability of the blanket in relation to the perneability of the adjacent
soil, or rock.

11-4. Drainage and Gouting Galleries and Tunnels.

a. Foundation galleries and tunnels in concrete gravity dams provide an
exit for foundation drains and convenient facilities for rehabilitation work,
or supplemental grouting, if required. The depth of drainage galleries, or
exit elevation of the drains, with respect to the tailwater, controls the
uplift downstream of the drains or wells. Generally, the |ower the elevation
of the gallery, the more reduction in head, or uplift, is experienced. If the
depth of the drainage gallery is located and the gallery discharges at the
el evation of the tailwater, the magnitude of the uplift downstream of the wells
is normally very nmodest. The uplift, however, is controlled by well spacing,
wel |l efficiency, and other seepage control neasures, such as grout curtains and
cutoffs, in addition to the elevation of the drainage gallery and the elevation

at which it discharges. In special cases where the drainage gallery is very
deep, i.e., below tailwater, it is possible to actually create a negative up-
lift on the base of a dam In such cases sone of the seepage punped from the

drainage gallery flows through the foundation to the drains from downstream

bh. Gouting curtains are frequently centered al ong drainage galleries or
tunnels. Renedial or supplemental' grouting may be performed from within
drainage tunnels. The additional grouting may be performed vertically or in
inclined, or sloping, boreholes. A so, should excessive uplift pressures
becone evident, additional grouting to widen or deepen the curtain nay be
perforned or additional drainage wells nay be installed fromthe gallery to
relieve excess pressures.
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11-5. Gouting of Foundations and Abutnents.

a. The Corps' grouting methods have become |ess standardized in recent
years (Albritton, Jackson, and Banget 1984). Typically, however, a conbination
of a line of drainage holes and a grout curtain provide an efficient and effec-
tive seepage control method. A properly installed grout curtain in the founda-
tion of a structure not only provides a substantial reduction in seepage but
al so reduces the uplift pressures downstream of the curtain. Conveniently, for
the great mpjority of dam sites, irrespective of type of rock, strike and dip
of strata, and faulting conditions, the pervious zone which requires seepage
control is relatively shallow and lends itself readily to control by grouting.
A conprehensive coverage of drilling nethods, as well as grouting nethods, is
presented in EM 1110-2- 3506.

b. Gouting operations in foundations and abutments are not linited to
construction of grout curtains. Gouting nmay be used for foundation repair and
filling cavities or voids in |inmestone or carbonate formations. The require-
ment for a single- or multiple-line grout curtain is dictated by the condition
and integrity of the foundation as determined from preconstruction exploration.

¢c. Gouting of steep abutment slopes has the potential for causing dif-
ficulties and possibly can do nore harmthan good. Care nust be exercised when
grouting in abutnents to avoid displacenents within the rock nass. Even rela-
tive low grouting pressures can cause joint opening and decrease the integrity
of the abutnent.

d. In general the efficiency of a grouting operation for controlling
seepage in well graded sediments is proportional to the width of the curtain.
In rock foundations and abutments the seepage control acconplished by grouting
is not a function of width, however, but is dictated by the effectiveness of
seal ing seepage paths and open joints identified in the exploration program
The effectiveness of a grouting operation nay be evaluated by pre- and post-
grouting pressure injection tests for evaluating the water take and the foun-
dation or abutnent perneability.

11-6. Surface Treatnment of Foundations and Abutnents.

a. Surface treatment of foundations and abutnments is essential to ensure
intimte contact of backfill materials with sound rock. Once a foundation is
exposed by excavation, the method of treatnent and potential protection against
pi ping of enbanknent or abutment materials will be dictated by the conditions
encountered. Al cavities, or caves, should be cleaned and plugged with con-
crete, both upstream and downstream fromthe core trench. Al openings, fis-
sures, joints, etc., should be cleaned after excavation and treated with dental
concrete, where possible. Treatment with dental concrete stops major deterio-
ration of materials that weather rapidly during construction, and helps to
prevent |ateral piping of the enbankment material into the adjacent foundation.

b. If a well-developed, highly solutioned joint system or simlar con-
dition is encountered in the abutnment, thick concrete walls may be placed
against the abutment. Prior to placement of concrete walls the abutment face
must be set back and cleaned, with presplitting being occasionally required.
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Concrete walls offer the advantage of either filling or blocking cavities,
affording a reasonable condition for treatment by grouting, and provide an
abutnment “tie-in" for fill placement with ideal conditions for maxi mum conpac-

tion of the adjacent enmbankment.
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CHAPTER 12
REMEDI AL SEEPAGE CONTRCL

12-1. CGeneral Considerations. This chapter assumes that a seepage problem
with an existing structure has been identified and defined by methods dis-
cussed in Chapter 13, or by other observations. The next step is to decide on
a remedy, design and install the remedial neasure, and nonitor its perfornance
to determine if the problem has been satisfactorily addressed. Several fac-
tors, including consequences of continued detrinental seepage, the geotechnical
environment (enbankment, foundation, abutment), and econony, wll determne the
type and degree of renmedial seepage control. Some of the nore critical conse-
quences i ncl ude:

a. Breaching of the enbankment or |oss of support to structural nenbers
due to piping.

b. Breaching of the enbankment from slope instability induced by |oss of
material and/or strength due to seepage.

c. Loss of significant ampbunts of reservoir water.

d. Mintenance problens or |oss of useful areas due to seepage on the
downstream sl ope or areas downstream of the enbanknment.

12-2. Renmedi al Met hods.

a. Factors Affecting Choice of Methods, Several methods of reducing
undesirabl e seepage are discussed in this chapter; nost have been previously
addressed in Chapters 8-11, which described methods and appropriate settings
for each. The renedial designer, while possibly having nore advanced technol -
ogy available than the original designer, must work with existing conditions.
The enbanknent and its foundation, abutnments, and seepage control neasures may
forma conplicated structure through which seepage occurs. This can nmake pre-
cise detection and remedial control difficult or inpossible. Remedial action
may range from continued or additional nonitoring to rebuilding or abandonment
of the dam Choice of renmedial method(s) wll depend on several factors, which
i ncl ude:

(1) Geotechnical environnent.

(2) Risk.

(3) Degree of correction required.

(4) cost.

b. Effects of Methods on Other Structure Elenments. The renedial

designer must also consider the interplay of the renedial measures with other
dam el ements. For exanpl e:

(1) Effect of excavation for drains, cutoff trenches, slurry trenches,
etc., on enbanknent stability.
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(2) Difficulty of tying renedial nmeasure to existing seepage contro
el ement s.

(3) Possibility of hydraulic fracturing when grouting.

¢c. Mnitoring. In all cases, pre- and post-renedial nonitoring of seep-
age is essential to deternmine the effectiveness of remedial action. Since
Chapters 8-11 describe control measures in detail, this chapter wll just point

out primary considerations in the choice of remedial nmeasures and give exanpl es
of their use. These exanples are provided for general guidance only, since
efficient use of remedial measures is very dependent upon geotechnical charac-
teristics of the particular site's as-built configuration, reservoir uses, and
pool history.

12-3. Storage Restriction. The nost direct nethod to alleviate a seepage
problemis to lower the reservoir and restrict pool levels in order to stop or
reduce seepage and its effects. This is often done during problemidentifica-
tion. If piezometer and seepage quantity measurement devices are in place at
this time, the effect of this remedy will be experimentally deternined.
Considerations in storage reduction include

a. Reduction of downstreaminundation area and | evel shoul d breaching
occur.

h. Effects of pool lowering on water supply, flood control, power gen-
eration, navigation, recreation, and environment.

Nornmal Iy, lowering and restriction of the reservoir pool is not an acceptable

| ong-termsolution, but this depends on restriction I evels and purpose of the
reservoir. Care nmust be taken in lowering the reservoir since rapid drawdown
can lead to instability of the upstream slope. O course, risk of upstream
slope failure would normally be a preferred alternative to breaching of the dam
and release of a full reservoir.

12-4. Gouting. Gouting is a comon, |ong-used renmedy for seepage. Its
effectiveness is dependent upon being able to rather specifically locate the

| eaking area and fill the culprit openings wthout danage to the enmbanknent
Possi bl e danage includes cracking of inperneable cores or other inperneable
areas of the enbanknment, foundation, or abutnments, and clogging of drains. If
grouting results in sealing of the foundation just downstream of or beneath the
downstream portion of the dam wuplift pressures nay increase beneath the
enbanknent or seepage may be forced up into the downstream portion of the
enbankment. Pore pressure instrunmentation should be in place to nonitor such
changes before grouting begins. This nust be considered in design of renedia
controls. Because of the many variables in grouting, it is highly desirable
to have an experienced contractor and field engineer. In nany cases, post-
grout drilling may be warranted to determine if the grout has thoroughly pene-
trated the desired area. Information about grout properties and grouting is
given in Chapters 9 and 11. Several case histories follow which provide
general exanpl es.
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a. 95-ft-High Earthfill Dam (Ley 1974). Upon initial filling, an earth-

fill damwith a foundation and abutments of volcanic tuffs and breccias exhibi-
ted | eakage at one of the downstream enmbankment-abutment contacts and out onto
the downstream slope. |Inspection revealed |eakage from open fractures in the

volcanic rock and drains were installed in the areas of seepage. The seepage
was stable for a nunber of years. Subsequent evaluation of the enbanknent for
seismc safety resulted in a need to reduce foundation seepage quantities and

pi ezometric levels within the enbanknment. A grouting program enpl oyed a | ow
viscosity chenical grout in order to penetrate any perneable layers in the
enmbankment where seepage might be occurring. Gout holes were split-spaced for
120 ft along the dam crest fromthe left abutment. If significant circulation
water was |ost during drilling, the hole was grouted. Initial spacing was

12 ft with 14 of 23 holes taking |ow pressure grout (0-5 psi at the collar of
the hole). This low pressure was to prevent enbanknent heave. Mst of the
take was well into the left abutment with holes spaced as close as 2-1/2 ft and
bei ng deepened in stages and further grouted. Gel tinme varied from2 to

18 minutes and final depth of holes varied from24 to 84 ft. Total take was
3,200 gal with seepage being reduced 90 percent, but with little reduction in
pi ezometric levels. Gouting can reduce seepage quantities significantly but
still not alleviate high piezometric pressures, particularly in tight or fine-
grained materials since any continuous void or pore space can transmit upstream
heads.

b. 140-ft-H gh Earth Dam (Ley 1974). In the left abutment, gypsum had
apparently forned in the bedding planes and fractures of folded and faulted
shale and siltstone. After water was inpounded, |eakage, carrying dissolved
gypsum occurred from the abutment. Settlenent and gradual increase in seep-
age also indicated that gypsum was being renmoved from the formation. Built in
1915, the dam underwent a grouting program from 1930-1933, resulting in place-
ment of about 35,000 cu ft of grout in a series of holes along the dam crest,
the left abutnment, and at the bottom of the hill forming the left abutnent
This program reduced seepage quantities by 75 percent. Approximately 30 years
later, over 32,000 cu ft of cement-bentonite grout (colored with iron oxide to
di stinguish from previously placed grout) was placed in 137 holes to again
reduce seepage and replace material renoved by solution. Cores indicated good
penetration with nmost seams from hairline to 1/8 in. thick. Seepage was
greatly reduced. Oher geologic materials may also be dissolved when subjected
to seepage. In a simlar manner, silt and clay in limestone cavities nay also
be renoved by seepage. Gouting may only be a tenporary solution to a seepage
problem if solution of a soluble foundation continues after grouting.

c. 70-ft-Hgh Earthfill Dam (Ley 1974). Seepage of 130-140 gal/mnute
was discovered downstream and attributed to foundation |eakage. Installation
of drains downstream of the dam allowed collection, netering, and return of
water to the reservoir. Drilling for a grouting program undertaken sone years
later to reduce seepage |osses, reveal ed |oose, sugarlike, deconposed granite
30-40 ft bel ow the dam foundation. The grouting was unsuccessful in reducing
seepage. Subsequently, the bottom and right side of the reservoir were
covered with an inpervious blanket of 40 tons of bentonite mixed with native

material. After mxing of the bentonite with native soil to a depth of 3 in.,
the surface was rolled with a rubber-tired roller. Surface drainage provisions
prevented runoff from eroding the blanket during partial pool. Seepage, after
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bl anketing, decreased 50 percent. In this case, attacking the seepage problem
further upstream (at the reservoir) proved nmore efficient than trying to sea
an underlying seepage path.

d. Fontenelle Dam (Gebhart 1974). A 165-ft zoned enbankment, Fontenelle
Dam al nost failed when a leak of up to 20 cu ft/second devel oped at the down-
stream contact with the right abutnment. Mich of the enbankment was eroded
before drawdown was effective in stabilizing the enbanknent. Fortunately, out-
let capacity allowed lowering the reservoir 3-4 ft per day. The source of
| eakage was not specifically deternined, but an extensive grouting of founda-
tion rock (calcareous sandstone, siltstone, and carbonaceous shale) was suc-
cessful in preventing a recurrence of the problem A 90- by 140-ft cenent
grout blanket was placed upstreamfromthe original grout cap. Gout curtains
were extended beneath the dam beyond the abutments. Over 200,000 cu ft of
grout was used.

e. Hlls Creek Dam (Jenkins and Bankofier 1972). Hlls Creek Dam con-
structed by the Portland District, has a maxi mum hei ght of 338 ft and consists
of a central inpervious core with gravel and rock shells. M nor seepage occur-
red near the left abutment during first filling, but decreased with tine.
Seepage markedly increased in extent and volume after 6 years of normal opera-
tion. Vertical drains placed in the downstreamshell as an initial remedia
neasure were not effective in lowering water levels in the dowstream shell and
seepage continued to increase. An investigation to determ ne the seepage
source continued during the renedial action. Initially it was thought that
| eakage was through the upstream bl anket into the foundation and abutnment, but
further observations indicated flow was through the core or core-foundation
cont act . Gouting, which injected 4,500 sacks of cement, nost in a 1-1/2:1 nix
at zero psi, resulted in elimnation of almpst all seepage. Four 42-in. bucket
auger holes, as well as several smaller borings, were drilled to inspect
grouting of the core and foundation. The main source of seepage was at a point
along the core foundation contact where a haul road had crossed the abutnment.
Twel ve years later, seepage is still negligible. Frequently, the source of
seepage is not obvious. The engineer nust consider all possibilities and
after choosing and installing a renedial neasure, try to understand what post-
remedial nonitoring is indicating. The extent of the engineer's know edge of
the foundation, enbanknent materials, and construction history will greatly
i nfluence the accuracy of his analysis of the seepage problem O'ten available
foundation and construction information will not be adequate and further
geotechnical investigation will be required.

12-5. Upstream | npervious Bl anket.

a. If it is determined that sealing of the reservoir bottom and sides
i medi ately upstream of the enbanknent will be useful in reducing undesirable
seepage quantities and pressures beneath the enbankment, an upstream i npervious
bl anket may be enployed. If successful and econonically feasible, this is one
of the nost efficient neasures since the source of water, the reservoir, is
control l ed upstream of the enbanknent and its foundation. This generally
requires renoval of reservoir water, though some small reservoirs have been
seal ed by placenent of materials through water. Sources of fine-grained nate-
rial and, in some cases, filter naterials are required. The inpervious
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materials are usually placed on the reservoir bottom [If sloped areas such as
the reservoir sides of upstream enbankment slope are to be seal ed, considera-
tion must be given to protection against wave attack and erosion from runoff
Additionally, fine-grained materials placed on the upstream enbanknent sl ope
may be renoved during drawdown because of |ow saturated strength and high
saturated weight. |If seepage can also go through the upstream portion of the
enmbankment and then into the foundation an upstream blanket will be less effec-
tive and another renedy may be necessary, e.g., cutoff beneath dam fig-

ure 12-1. The nature of reservoir bottom materials nust be considered. Any
large voids must be filled with a stable material such as conpacted soil,

PERMEABLE
SHELLS

e

REMEDIAL
IMPERVIOUS UPSTREAM
BLANKET

CORE

PERMEABLE
FOUNDATION

Figure 12-1. Possible problem if existing and renedial seepage
control measures are not properly coordinated (prepared by VES)

N

7

stabilized soil, concrete etc. Hgh gradients will likely exist through the

bl anket during high reservoir levels, particularly close to the enbanknment. It
may be necessary to place a filter material before placing the blanket to pre-
vent piping of the blanket material into the foundation. The extent of the

bl anket is determ ned by analysis and will depend on several factors, including
extent of desired decrease in seepage quantities and pressures and bl anket
nmaterial available (quantity and perneability) (EM 1110-2-1913 and Barron

1977). Man-nmde liners have provided a seal for reservoirs wth pervious
foundati ons when fine-grained materials were not economcally available. They
are usually rather expensive, require relatively snooth surface for placenent,
and coverings (normally soil) to protect them from puncture in stressed areas
and deteriorating exposure to sunlight. Joining of sections is one of the nost
critical and difficult aspects of man-made liners. Field seams, especially
under difficult field conditions and with other than highly experienced person-
nel, can be an appreciable source of |eakage. Quality control of seaning
should be strict. One exanmple of the use of an inpervious upstream bl anket was
given in paragraph 12-3c; another is provided bel ow

b. An inpervious upstream bl anket connected to a sloping inpervious core
was placed during the construction of Tarbela Damon the Indus River in
Paki stan (Lowe 1978). The bl anket naterial consisted of sandy silt mxed with
a sandy silt angular boul der gravel. The blanket lay over an alluvium of
cobble gravel choked with fine sand. The blanket, which was to increase the
l ength of seepage path and not necessarily to reduce seepage quantities, net
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the piping criteria, Dy (alluviun) < 5Dg; (blanket), Appendix D. As the
reservoir enptied after first filling, several sinkholes and cracks were noted
in the blanket. Sinkholes ranged from1 to 15 ft in diameter and 4 to 6 ft in
dept h. It was felt that uneven settlement during the first reservoir filling
caused tension and conpression cracks in the blanket which all owed consi derabl e
seepage into the underlying sand-choked gravel. In areas where the sand was

| ess dense, the seepage noved the sand down to forma layer in the |ower part
of the gravel. This created open work gravel just beneath the bl anket, and
fines fromthe blanket noved into and through this open l|ayer form ng the sink-
holes.  Sinkholes were filled with filter material and nounded over wth

bl anket material. Typically, the blanket nounds were approxi mately 15 ft high
and extended 30 to 35 ft beyond the sinkhole edge. After filling of the reser-
voir, sinkholes were |ocated by side-scan sonar and filled with a m xture of
filter material and silt from self-propelled bottom dunp barges. Each sinkhole
generally received 50 barge loads of material. Sinkholes continued to be dis-
covered and covered over another 3-4 years after the initial renedial action.
Siltation on the reservoir blanket and filling of sinkholes have reduced
seepage about one hal f.

12-6. Downstream Berm Berns control seepage by increasing the weight of the
top stratumso that the weight of the bermplus top stratumis sufficient to

resist uplift pressure. If of low perneability, they will reduce seepage, but
increase uplift pressures beneath the downstreamtoe of the dam since they
force seepage to exit further downstream of the dam If pervious, they must

be designed as a filter or with an underlying filter to prevent upward m gra-
tion of line particles fromthe foundation materials beneath them Again, a
seepage anal ysis nust be made to determine the resisting |oad required of the
berm  Downstream slope stability of the embankment will nornally increase
because of the resistance to sliding provided by the berm Huntington District
has enpl oyed berns as renedial neasures at several flood control danms in the
Muski ngum River flood control system (Coffman and Franks 1982). Similarity of
t he enmbanknents and environments allowed a standard renedial action for severa
of the danms at the downstream enbanknent toe. A 3- to 7-ft-thick pervious

bl anket of appropriate length is placed over the soft seepage areas at the
downstream toe. This adds wei ght and provides a working platformfor instal-
lation of relief wells at points of excessive seepage.. Another exanple of a
stability bermis given in the Addicks and Barker Dans exanple,

paragraph 12-7a.

12-7.  Slurry Trench Cutoff. Two nmmjor technical considerations in the use of
slurry trenches as renedi al seepage control measures are (a) the effect on
stability of the enmbankment due to excavation of the trench and the presence
of a vertical plane of relatively weak soil (in the case of a soil-bentonite
backfill) and (b) tying the slurry trench to other existing or proposed seep-
age control neasures. |f a conpetent upstream bl anket exists, the trench may
be placed upstream of the enbanknent and tied to the bl anket or may be pl aced
through the dam and any pervious substratum if stability requirenents are met.

A cenent-bentonite backfill may be placed in panels or a concrete wall may be
placed in separately excavated el enents if an open trench and the relatively
weak soil-bentonite backfill are unacceptable because of stability risks. The

followi ng experiences with slurry trenches provide general exanples of this
cutoff type as a renedial neasure.
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a. Addicks and Barker Dans, Houston, Tex. (U. S. Arny Engineer District,
Gl veston 1977a; U S, Arny Engineer District, Glveston 1977b; U S. Arny
Engineer District, Galveston 1983). Conpleted in the late 1940's, Addicks and
Barker Dans are rolled earth enbankments providing flood control in the Hous-
ton, Texas, area, with respective maxi num heights of 48.5 and 36.5 ft above
streanbed. Nei ther normally inpound water except in periods of rainfall. The
enbanknents contain sone silts and sands, foundations have silt and sand
| ayers, and upstream borrow areas expose the foundation permeable |ayers. At
the time of construction, these conditions were not considered, significant
because of the large discharge capability and short detention time of the
reservoirs. Residential and conmercial devel opnent of the downstream | ocal
area caused several changes in operating conditions which increased detention
time and made the effect of seepage nore critical. These included restriction
of discharge rates and construction of drainage channels on non-Federal |and
within 200-300 ft downstream of the center line of the dams which expose the
pervious portion of the foundation. FErosion of the drainage channel slopes on
the side of the channel nearest the dam and boils in the channel bottom during
times of |ow reservoir inpoundnent indicated the potential for dangerous seep-
age conditions during high reservoir levels. Downstream piezonmeters also
i ndicated a quick response to changes in reservoir levels. This exanmple
descri bes renedial actions at Addicks Dany actions at Barker Dam were simlar.
Several renedial measures were considered:

(1) Downstream drai nage bl anket and stability berm- rejected due to
requirenent for additional right-of-way and Governnent responsibility for
mai nt enance of local interest's drainage ditch.

(2) Downstream drai nage bl anket, stability berm and relief well system
and downstream slurry trench - (relief wells between enbanknent toe and slurry
trench) very positive control (blanket and berm control enbankment seepage
while wells and slurry trench control underseepage), but very costly, |ong-
term well naintenance required, and all seepage forces would be directed at
t he enbankment toe.

(3) Sane plan as (2) except slurry trench replaced with steel sheet pile
cutoff - sane reasoning as (2) except sheet pile would greatly increase cost.

(4) Slurry trench cutoff through enbankment and foundation - a very
positive, controlled cutoff for embankment and foundation; no naintenance; all
work on Government property; less costly and quicker than other alternatives.
For nmost of the remedial work, alternative (4) was chosen, though for selected
| engths of the enbanknent where they were the best alternative, alterna-
tive (1) was used and sone relief wells were placed. Wth a maximum depth of
64 ft and width of 3-5 ft, the slurry trench penetrated 2-4 ft into a rela-
tively inpervious clay underlying the pervious foundation materials. Fig-
ure 12-2 provides a general cross section of the design. The trench was
pl aced 10-20 ft upstream of the enbanknent center line with equi pment working
froma platform established by degrading the upper portion of the enmbanknent.
Cemented materials, present in some portions of the excavation, were broken by
dropping a 10-ton percussion tool on the cemented |ayers. Portions of the
trench collapsed but were successfully reexcavated. Additionally, small (3-in.
diameter) tunnels were encountered in the upstream side of the trench but were
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plugged with cloth. Backfill gradation is shown in table 12-1. For sone por-
tions of the project, percent passing for the No. 200 sieve were 15-30 per-
cent. Backfill mixing and transport to the trench were conducted in severa
ways. Some backfill was batched dry, placed in concrete trucks with slurry
added, then mixed and transported to the trench. The higher fines content
backfill in sone cases proved too sticky to mix in trucks. Mxing was con-

ducted on the ground next to the trench but occasionally excess fines were

pi cked up from the working surface. A concrete mixing pad was used as an
alternative though wear from the m xing equi pment destroyed the concrete

Excess or unsatisfactory naterial was deposited in old borrow areas upstream of
the enmbankment to reduce underseepage. |In one area, a slurry trench |ocated at
the upstream toe of the enbankment provided underseepage control while a down-
stream berm provi ded enbankment stabilization. The berm of sandy clay had
perneability characteristics simlar to the enbanknent and provided a 1V on 8H
slope. Several of the discharge conduits which suffered from seepage and pip-
ing were resealed, after cleaning, with ethafoam backer rods and a pol yurethane
sealant. \here the seal ant would not adhere to the concrete, joints were

tal ked with oakum soaked with a grouting conpound. \Well screens were placed in
weep holes to prevent loss of soil, and relief wells with subnersible punps
were installed. For certain portions of Barker Dam use of an upstream clay

bl anket and a downstream stability berm (1V on 8H) was nore cost effective than
a slurry trench. There was intermttent surface exposure of pervious founda-
tion materials and a source of CH materials for the blanket was available
within the reservoir. Prior to placenent of the blanket, ponded water and soft
surface materials were removed. The blanket was placed in 8-in. layers and
conpacted with tamping rollers at natural nmoisture content.

Table 12-1. Backfill Mx for Slurry Trench, Addicks Dam(w

Sieve Size or Nunber Percent Passing
(U. S. Standard) by Wi ght
3in. 100
1-1/2 in. 95 to 100
34 in. 80 to 100
No. 4 55 to 100
No. 10 40 to 80
No. 40 18 to 45
No. 200 10 to 25

(@) Fromus. Arny Engineer District, Galveston.85

Though not yet severely tested, the control measures have performed satisfac-
torily based on the follow ng observations:
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(a) Foundation downstream pi ezoneters do not respond to reservoir |evels
experienced so far.

(b) Phreatic surface has been raised upstreamof the slurry trench
(c) No enmbanknent seepage, but there have been no significant pools.

(d) Settlenent plates indicate no significant settlement of the slurry
trench. Though the restored enbankment has cracked in the area of the
trenches, inadequate conpaction of the enbanknment fill is considered the
cause.

b. Wlf Creek Dam Ky. (Fetzer 1979). Constructed in the 1940's, Wolf
Creek Damis a 200-ft-high conbination earthfill and concrete dam founded on
| i nestone containing shale and solution cavities. During excavation of a
10-ft-wide cutoff trench, several interconnected solution cavities were dis-
covered in the linestone. These were backfilled for a short distance with
impervious material, and a 50-ft-deep single-line grout curtain was placed
beneath the bottom of the cutoff trench. In 1967, nuddy flow was observed in
the tailrace, a small sinkhole devel oped near the downstreamtoe, and wet areas
existed near the downstream toe. In 1968, a larger sinkhole developed (13 ft
wide, 10 ft deep) and drilling reveal ed solution features running perpendicul ar
and parallel to the damaxis. It was concluded that reservoir water was
passing beneath the cutoff trench. Gout |ines were placed al ong the dam axis
near the enbanknent-concrete contact and downstream of this area. During
1971-1972, an overall assessment of the seepage problem was nade since the
renedi al grouting had only addressed about 200 ft of the 4,000-ft enbanknent
portion of the dam A diaphragm concrete cutoff wall was considered the best
sol ution because it could be installed without draining the reservoir, a very
costly operation due to reservoir use. Explorations, which included borings
spaced on 3.1-ft centers along the axis of the wall (parallel to the dam axis),
defined the depth and length of the wall. Depth was 10 ft bel ow the | owest
indication of solution activity (maximm depth 278 ft) and length was 2,239 ft.
In 1974, a request for technical proposals resulted in seven proposals with two
accept abl e. In the second stage, a bid invitation was issued and an award was
made for a wall in the area of the switchyard and 989 ft of the wall along the
damaxis. The award in 1975 was followed by a second conpetition and an award
in 1977 for the remaining 1,250 ft of the axis wall. The wall consists of
alternate cylindrical primary elements and connecting secondary el ements
installed using bentonite slurry, figure 9-14. Prinmary elements are
2.17-ft-diamsteel casings filled with trem ed concrete (see table 9-8 for mx
proportions). Wak cenment grout fills the volune between excavation walls and
the casing. A 25-ft-deep core hole was drilled beyond the bottom of each pri-
mary elenment to explore for cavities and was pressure-tested and grouted prior
to the placenent of a closed-end primary casing. The primary element was
required to set for a mninumof 20 days before excavation of the secondary
el ement which is also filled with tremed concrete. Frequent piezoneter
readi ngs (as often as every 4 hours) were made during construction to deternmnne
the hydraulic condition of the embankment and foundation and warn of any
potentially critical seepage conditions. Excavation and drilling were closely
nmonitored to observe any drill rod drops or nmud |osses. Sealers and reserve
nud, constantly on hand, provided for energencies. Gout takes around
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the primary casings and volume of concrete used in the secondary elenents were
closely monitored as was the enbanknment in general. Efficient nmanagement of a
| arge number of observations was necessary to determne the current condition
of the dam The lack of nmmjor |osses of slurry, grout, or concrete during
construction was probably due to the densely spaced borings and grouting done
during the earlier exploration program \Wall construction, conpleted in 1979,
took approximately 4 years and two construction contracts. Subsequent

pi ezometric levels indicate the wall is a successful seepage barrier.

c. Camanche Dike 2, California (Anton and Dayton 1972). One of severa
earthfill dikes containing Cananche Reservoir, Dike 2, is a zoned earth enbank-
ment about 70 ft high founded on alluvium containing an upper 20-ft strata of
clayey sand underlain by layered silty-to-fine uniform sand stratum  The
underlying sand stratum varies in perneability with its |ower portion contain-
ing gravel. Oiginal construction involved extending the core horizontally to
the upstream toe and discing and conpacting the top of the alluviumto 1,000 ft
upstream of the dike axis. This was expected to provide acceptabl e underseep-
age conditions, while providing the option of tying an upstream cutoff through
the alluviumto the core if operating underseepage conditions were intolerable.

After reservoir filling, underseepage proved extensive and fl owed over down-
stream property. Lowering of the reservoir reduced the seepage and reveal ed
holes in the conpacted alluvium upstream of the enbanknent. Several seepage

control methods, including upstream inpervious blanket, grout curtain, relief
wel |'s, downstream drains, sheet piles, and others, were considered. Eval uation
of the options resulted in choosing an upstream slurry trench. This nethod
provided a positive cutoff, mnimzed piping potential, allowed retention of a
partial reservoir, and was the |east expensive of positive cutoff methods

Pl aced 50 ft upstream of the upstreambermtoe, the 1,660-ft-long slurry
trench, 8 ft wide, extended through the alluvial nmaterials to a maxi mum depth
of 95 ft. Backfill specifications required a 4-in. slunmp and a gradation as
shown in Table 12-2. An 8- to 11-ft-deep sandy clay blanket protected by a
1-ft-thick cobble and gravel cover connected the slurry trench to the horizon-
tal core extension. Excess slurry was blended into the top portion of the

bl anket to decrease blanket perneability. Since slurry trench placenent,
downst ream pi ezoneters refl ect decreased influence of reservoir levels with
only very small seepage flows at high, prolonged reservoir levels. Two poten-
tial sources of seepage are the somewhat pervious bedrock formation which the
slurry trench is keyed into and the sandy clay blanket connection between the
slurry trench and extended core. Connection of the 8- to 11-ft-deep blanket to
the slurry trench after placenent of the slurry was difficult and may allow
reservoir |eakage into the alluvium Placement of the blanket or a partial
thickness prior to slurry trench construction was recommended. This would
provide a platform for construction of the slurry trench and allow a nore
secure attachment of the trench to the blanket. This procedure has been
standard practice on many subsequent slurry trench projects.

12-8. Relief Wlls. Though Chapter 9 describes design and installation of
relief wells, additional factors nust be considered when relief wells are used
for remedial seepage control. Relief wells can relieve excessive uplift and
potential piping when pervious layers are overlain by relatively inpervious
strata by providing controlled release of relatively large volumes of water.
Relief wells, as conpared with cutoffs, allow loss of reservoir water and
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Tabl e 12-2. Backfill Mx for Slurry Trench, Camanche Dike 2(@

Sieve Size or Nunber Percent Passing

(U S. Standard) by Wi ght
6 in. 100
3in. 80 to 100
3/4 in. 60 to 100
No. 4 40 to 80
No. 30 20 to 60
No. 200 10 to 30

(a) Courtesy of Anerican Society of Gvil Engineers. 135

require proper handling of discharge flows and periodic maintenance. Flooding
and erosion from well discharges nust be prevented. Wlls nay be installed
quickly with a mninum of downstreamright-of-way and, in many cases, W thout
reducing reservoir levels. If high uplift is present, boring and installation
may be difficult requiring extra neasures to keep the hol e open and stable
until the screen and filter are installed

12-9. Drainage of Downstream Slope. Seepage energing on or at the toe of the
downstream slope will normally be controlled by one of the nmethods previously
mentioned, Expedient installation of filter materials and a toe drain can
hel p prevent piping of embankment and foundation nmaterials and may increase
embankment stability, but will not normally reduce seepage quantities. |f
seepage is confined to a small area or areas, horizontally drilled drains my
hel p control the problem (Royster 1977). Horizontal drains of slotted pipe
normal Iy do not have a filter envel ope and woul d generally be used for

"nui sance” seepage or as an expedient neasure until a nore permanent sol ution
could be installed.
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CHAPTER 13
MONI TORI NG PERFCRVANCE OF SEEPAGE CONTROL MEASURES

13-1. General Considerations.

a. Before seepage control neasures are inplenented, site characteriza-
tion by thorough exploration and testing is needed to determne if the seepage
control nmeasures will serve the intended purpose. Know edge of the in situ
site conditions along with the purpose of the seepage control nmeasure and its
physical dimensions will help deternmine' the overall nunber and the placenent
of monitoring devices. Several factors which can be nonitored that can |ead
to a conclusion regarding the safety of a damare: (1) progressive increase
in the volume of seepage flow, (2) renoval of solids by the seepage,

(3) increased uplift pressures or locally depressed gradients, and (4) soft or
wet areas on the downstream enbanknent.

b. Mnitoring the perfornance of seepage control neasures can lead to a
coll ective conclusion drawn from several neasurenents. The npost common and
easiest monitoring is to rely on visual observations along with careful sur-
face inspections at predetermined intervals. Another type of monitoring which
shoul d be conpleted before construction is the installation of piezoneters,
observation wells, and drainage collection systems to deternine a site depen-
dent pattern of behavior. Finally, the actual structure should be nonitored
by the installation of a site specific network of piezometers, observation
wells, and drainage collection systems with flow measurenents designed for the
anticipated seepage problens. A regular review of the data collected will
general |y detect major changes between subsequent readings but equally as
inmportant are the long-range trends manifested by steady changes or intermt-
tent surges.

c. If it is determned during the monitoring process that a possible
probl em exi sts, an expanded instrunentation program may be needed. This could
include nore piezoneters, relief wells, etc., and a nore extensive analysis of
the seepage water; i.e., both a physical and chenical analysis of the sediment
and water including tenperature, salt content, and resistivity which could be
conpared with sanples from the enbanknent and possible seepage sources.
According to the conplexity of the problemand/or the econonics versus safety
involved a group of other studies could be added including, but not limted to:
resistivity and spontaneous potential of the enbankment and foundation, dye
tracing, infrared (aerial or portable ground based), and seepage acoustic
em ssions. In nost cases, the scope of the nonitoring program will be deter-
m ned by the econom cs involved.

13-2. Piezoneters for Seepage Pressures.

a. Foundation. To deternine the performance of seepage control neasures,
a pattern of behavior should be established prior to and during construction
where long-term trends can be related to design or seepage conditions. Piezom
eters should generally be installed in all conpressible foundation soils, the
nunber being dependent on the extent and thickness of the strata. |f possible,
foundation piezometers should be installed-in the sections selected for enbank-
ment piezometers and shoul d extend beyond the upstream and downstreamtoes a
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di stance equal to the expected migration of pore pressures. An effective

pi ezometer installation plan should convert preconstruction piezoneters into
post construction seepage nonitoring piezoneters for an effective continuity of
data. Shown in figure 13-1 is an exanple of a piezoneter installation with the
enbankment resting on a conpressibility foundation (Chapter 9) and an inper-
vious core cutoff through a sand and gravel |ayer. Effectiveness of the cutoff
and the presence of uplift pressures can be evaluated. Shown in figure 13-2 is
an embanknent with an inpervious core that intercepts a pervious soil and rests
on the top of rock (Chapter 11) and again the effectiveness of the cutoff

and/or the integrity of the rock can be evaluated. Shown in figure 13-3 is an
embankment founded on a thin inpervious top stratumunderlain by a deep zone of
pervious material (Chapter 9). In this case a cutoff was inpractical and seep-
age pressures are sinply nmonitored beneath the damto deternmine time effects on
the control measures while the effectiveness of relief wells downstream is
determined with foundation piezoneters. An effective nonitoring system should
al so include piezoneters in the abutnents to determine the effectiveness of
drains and/or of the enbanknent-abutment interface which could include grout
curtain cutoffs (Chapters 10 and 11). Al so artesian flows may exist in the
abutments and need to be monitored. Shown in figure 13-4 is a piezoneter
installation that is used to nonitor a grout curtain cutoff and cut-slope
drains. Renedial seepage control neasures, discussed in Chapter 12, m ght
require additional piezoneters to nonitor both the installation and the effect
of the new neasures.

b. Enbankment. As discussed in Chapter 8 three nethods for seepage
control in enbankments are: (1) flat slopes with or without drains,
(2) enmbankment zonation, and (3) vertical (or inclined) and horizontal drains
An enbankment with flat slopes (as defined in Chapter 8) constructed of inper-
vious material, and which has infrequent high reservoir |evels, should have
only enough piezoneters in the enbanknment to establish the phreatic surface
A typical exanple is shown in figure 13-5. To nonitor seepage contro
measures in a zoned enbanknent (Chapter 8) the number and spacing of piezom
eters depend not only on the height of the dambut also on the naterial prop-
erties of the zones. The core nust be nonitored to determ ne the phreatic

DISTANCE FROM CENTER LINE OF DAM, FT .
250 200 150 100 50 0 50 100 150 200 250
T )

T T T T T T T T T
120 IMPERVIOUS CORE 120
- RANDOM FILL RANOOM FiLL
“ 80 80
K PERVIOUS FiLL PERVIOUS FILL
O
o 40 SAND AND GRAVEL ' 40
b9
0 ° N i R 0
o ? , o
© ° o o LEAN CLAY WITH ° o
Q "USILT STRATA
o o o
< prczomerensd 0 GLACIAL TiLL ©
[

-
APPROXIMATE ROCK LINE/

Figure 13-1. Exanple of foundation piezoneter installation of Surry Muntain
Dam (from EM 1110-2- 1908)

13-2



€-€T

NOTE: ALTHOUGH PIEZOMETER
LEADS ARE SHOWN

EXTENDING THROUGH
LEGEND IMPERVIOUS ZONE, THIS
© EMBANKMENT PIEZOMETER IS NO LONGER PERMITTED.
e FOUNDATION PIEZOMETER : PROJECT CONTAINS OTHER
TYPES OF INSTRUMENTATION
| __EL 858.0 THAT ARE NOT SHOWN.

3
==

IMPERVIOUS FiILL

EL 815.0

—— EL 806.0
DRAIN \,‘—‘—‘—“-“3
h
[ - _ N EL 774.5
N X ——
| 2 R h ‘N \-DRAINAGE |

3 - ¢ D L p BLANKET
J PERVIOUS FOUNDATION 1] ! TOP OF ROCK
~ SOILS 3 2

SCALE IN FEET

40 [} 40 80

Figure 13-2. Piezometer installation for dams on pervious foundations, Deer Creek Dam (from
EM 1110-2-1908) _ '
—_— .

98 das 0g

TO6T-¢-0TTT W4



v-€T

LEGEND NOTE : ALL PIEZOMETERS ARE ozguggvrsrpee»g
TYPE. PROJECT CONTAINS OTHER TY
O EMBANKMENT PIEZOMETER THAT ARE NOT
@ FOUNDATION PIEZOMETER ) g;&u:rnuuznmnou
}ru/s OF DAM
RELATIVELY '
PERVIOUS MATERIAL EL 2930
SPILLWAY CREST . 25 coieacres - 2670
L 268.0 87.0 FiLL =&t és
RELATIVELY PERVIOUS ~—— — ANDO :
UNCOMPACTED MATERIAL 1 ° o “\ BATERAL [
- seLECTED ™ S o EL 240.0
EL 2290 ] Q o N
CONSERVATOY oy 7 o /IMPERVIOUS\ ~oRrG/NAL RELATIVELY
N e / S| PERVIOUS MATERIAL, MATERIAL \ GROUND SURFACE PERVIQUS 1
L N / o o o \° o MATERIAL
ud s = § pUNSpT Angpaay pu— —__*.
c TRIPPING LINE TMPERVIOUS CLAY AND SILTS PERVIOUS MATERIAL— N !
SICYY SANDS [ 18N ok omam
o \UNCOMPACTED RANDOM” — J
MATERIAL MATERIAL ° ND GRAVELS [ ]
SAND A 1EF WELL—
RELIE! APPROX. EL 160.0

TERTIARY CLAYS AND GRAVELS

Figure 13-3. Piezometer installation with a thin impervious topstratum and relief well
systems, Enid Dam (from EM 1110-2-1908)

98 dss 0¢g
T06T-2-0TTT W3



G-¢T

-3 8 C-4  [SEE SWEETS 249 AND 251
ZTARE “ FOR LOCATION )

STRUCT uRE— %

e cemer
Ly i

LEGEND

0O STRONG MOTION ACCELEROGRAPH
SHELTER

® SURFACE MONUMENT

® A TYPE PIEZOMETER (FOUNDATION)

TRIGGER AND POWER CABLE ALIGNMENT
FOR STRONG MOTION AGCELEROGRAPHS PLAN A
{ SEE. SHEET 253) SURFACE MONUMENT , PIEZOMETER AND
STRONG MOTION ACCELEROGRAPH SHELTER LOCATIONS,
00 ° 100 200 A-12
i L AL —

SCII‘I m Fast a A.|3
Figure 13-4, Piezometer installation for dam abutments having grout
curtains or cut-slope drains, Applegate Lake Dam (from U. S. Army

Engineer District, PortlanleA)

98 dss 0¢g

TO6T-¢-0TTT W4



9-€1

870
660
650

£

ELEVATION N FEET, MSL
w 0 o»
>} Q
(o] o

w
3
o

EL.5770

DISTANCE IN FEET FROM CENTLRLINE OF DAM

800 700 /00 500 400 300 200 100 O 100 200 300
7 T T TS T T | DY S R A
SELECT IMPERVIOUS 22
FILL —— _"‘ " 44’
™~ k%% 6650

18 "RIPPAR ON 6" BEDDING — =

20’
v . “EL.B54.0
24 RIPRAP ON 4 BEDOING L. 634

£1.640.5

18 " ropsor. € SELECT

EL.6/0.0
70.6
!

0
/CO/?E! F‘/L?

1

STRIPPED NATURAL
GROYNL N

a0n SO0 [103¢] 700 800

e e =

AT DE TLEL852 FN Ky sP5K,

187 TOPSOIL £ SELECT

£&.5770

SN — T 1S~ INSPECTION TRENCH
s ok curoer TRENCH

FLOODPLAIN EMBANKMENT SECTION
STATION \OD+CN TO STATION 142+25

Figure 13-5. Estimated seepage for Aubrey Dam, Texas (from U.

District, Fort Worth81)

N 3 HOPIZONTAL
DFOIAAGE RLANAET

COLLECTOR SYSTEM 7

S. Army Engineer

98 das (Og

TO6T -C¢-0TTT N3



EM 1110-2-1901
30 Sep 86

surface and in situ perneability. Using this information, cracking potentia
can be estimated. On either side of the core there can be filters, transition
zones, random zones, outer shells, and blankets (Chapter 8). In general, the
different zones should increase in perneability outward and should have

pi ezometers in each zone. During rapid reservoir drawdown, the upstream

pi ezometers woul d detect excess pore pressure buildup while during conserva-
tion and high pools, all the piezoneters would indicate the effectiveness of
the zones and check design values. A typical installation in a zoned enbank-
ment is shown in figure 13-3. In a zoned enbankment the piezoneters |ocated
near the upstream core face can be instrumental in determning the devel opnent
of cracking in the core (Vaughan et al. 1970). Depression of the piezonetric
elevation in a localized area (cone of depression) can indicate velocity head
| oss which would indicate | eakage through the core. Renedial work for

Bal dershead Dam (Vaughn et al 1970 and Lovenburg 1974) included placenent of a
| arge nunber of piezometers near the upstream face of the core (figure 13-6)
which were successful in indicating piezometric depressions.

c. Drains. The purpose of vertical (or inclined) and horizontal drains
is to control seepage either through the enbanknent or beneath the dam (under-
seepage). A vertical (inclined or horizontal) drain in the embanknment may be
used as a filter to prevent material from eroding fromthe core and/or as a
met hod of collecting seepage exiting from horizontally stratified soil |ayers.
Enough piezometers should be installed in the drain to determine if the seep-
age is coming through the enbankment naterial or if it is underseepage, fig-
ure 13-7. |If the horizontal drains intercept underseepage which in turn is
drained by lateral drains, piezoneters should be placed on either side of the
laterals to determine their effectiveness, figure 13-8. Long-termtrends
(pressure buildup or depression) detected in the drains not directly related to
the reservoir level could indicate either clogged drains (pressure buildup) due
to enbankment or foundation material noving into the drains or piping and
erosion (pressure depression) due to material noving into pipe drains, high
perneability zones, or into fractured rock. Toe drains are effective in col-
| ecting seepage and preventing saturated areas along the downstream toe
Pi ezoneters in or near toe drains would only be effective when a downstream
bl anket has been added and uplift pressures need to be neasured. Drainage
gal leries and tunnels are used nostly in abutments in the United States to
intercept and control seepage in fractured rock. Drainage tunnels along
extensions of the dams axis or in downstream abutnent areas serve to collect
seepage. Piezoneters located near the drainage tunnels would indicate the
effectiveness of the tunnel. Cut-slope drains can be used to intercept seep-
age and col | ect drainage al ong abutment sl opes while piezonmeters placed both
upstream and downstream of the drains can determne effectiveness of the col-
|l ection system figure 13-9.

d. Downstream Areas. Seepage can nigrate beyond the enmbankment toe
particularly in clay shale or fissured formations. Geologic site characteri-
zation in nost cases will deternmine the need for piezoneters downstream of the
toe but if there is any doubt they should be installed in the questionable
formations 50 to 150 ft beyond the toe, figure 13-1. Piezoneters should al so
be installed downstream of the outlet works, spillway, and stilling basin if
they extend well beyond the toe and are not close to other piezoneters.

13-7
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e. Near Relief Wells. If a relief well system has been installed, pore
pressures should be checked in the vicinity to evaluate the efficiency of the
system  Piezoneters should be located both upstream and downstream of the
relief wells and should intercept the stratum being drained, figure 13-3. |If
there is a line of wells, piezometers should also be installed generally at
the mdpoint between the wells or at the point expected to have the highest
pore pressures.

f. Spillways, Stilling Basins, and Qutlet Wrks. Underseepage contro
beneath the stilling basins of spillways and outlet structures founded on per-
vious foundations is generally provided by drainage bl ankets suppl enented in
the case of stratified foundations by deep well systens (figures 13-10 and
13-11). Drainage bl ankets extend beneath the chute slabs, if necessary. As
shown in figure 13-10, piexoneters should be installed to check the effective-
ness of the drainage blanket and relief wells, and to check pore pressure
beneath the outlet channel and against the stilling basin walls. Piezoneters
are used to check pore pressures occurring below the relief well system (fig-
ure 13-10). Generally, a sheet pile wall, with a mninum penetration of
15 ft, is installed along the downstream toe of the stilling basin to contro
pi ping and a piezoneter installed dowstreamof the wall is needed to deter-
mne the effectiveness of the wall

13-3. Fl ow Measuremnents.

a. Wirs. Seepage flow neasurement is an inportant paraneter of dam
performance. Most installations have used a relatively sinple weir, neasuring
t he seepage over brass or stainless steel 90-deg V-notches like the collection
system shown in figures 13-12 and 13-13. A nunber of weirs can be installed
in drainage galleries to deternmine flows fromdifferent sources, i.e., left or
ri ght abutnment, dam underseepage, and total seepage. A certain anount of
sedinments will settle out just upstreamof the weir which is inportant if the
sediment load is not continuous and occurs between visual inspections. If the
seepage is exiting downstream of the dam and outsi de of a drainage collection
system a weir pond can be formed in conjunction with the V-notch weir for the
specific purpose of deternmining |ong-term sedinment content in the seepage

b. Flunes. A flume is a short rigid-walled channel designed to con-
strict the flow and so give rise to critical velocity. A single neasurenent
of water level is sufficient to neasure discharge at critical velocity. The
nost commonly used flune for seepage neasurenents is the Parshall flume as
shown in figure 13-14. Enpirical charts for flow discharge have been devel -
oped for specified flune dinmensions (Bureau of Reclamation 1967). The flune
can be fabricated and placed in seepage flow that has been channelized. This
nethod is a relatively rapid and sinple way to obtain precise flow
measur enent s.

c. Relief \Wells. Relief wells, as the nane inplies, are widely used to
relieve pressures and control seepage through pervious strata beneath earth
dams, spillways, and outlet works. A thorough know edge of the geol ogic con-
ditions and characteristics of the soils at the damnust be available to
design a systemas part of initial construction or as renedial work. To be
effective, the well nust flow but nust not allow the |oss of foundation

13-12
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material which could lead to piping or erosion failure. A frequent use of
relief wells is near the downstream toe of a dam to control seepage through a
pervious zone, figure 13-13. A toe drain is used to collect the flow while
weirs in the drains or manonmeters on the wells can determne the quantity of
flow Relief wells can be punped to deternmine the effect on surrounding

capacity (after Bureau of Reclamation

ground water and the perneability of the soil near the well. In nany cases
where dans are built on jointed or fractured rock, grout curtains are used as
seepage cutoffs. It has been found in some cases that grout curtains do not

appreciably affect the uplift pressures downstream of the curtain and that a
series of drainage wells is a nore effective tool to reduce uplift pressures
when the volume of seepage loss is not a problem and when the high cost of
grouting is hard to justify (Casagrande 1961). Relief wells have been suc-
cessfully used when the pervious strata is too deep and wide-ranging to
effectively use any type of positive cutoff. Relief (drainage) wells are used
beneath spillway and outlet works slabs to relieve excess pressure in the
rock, the underslab drains, or a pervious strata. An exanple of a group of
wel | s designed to relieve pressure under an outlet works stilling basin is
shown in figure 13-10. Relief wells can be used in rock abutments to inter-
cept seepage and to control artesian flow.

d. Seepage Qutlets. Mnitoring seepage outlets downstream of the dam
is handled according to the present severity of the problemor to future
associative problenms if the seepage worsens. A small wet zone near the toe
mght require only routine visual examnation as would a small trickle from a
rock abutment. If there is sufficient seepage to neasure, an effort should be
nmade to estinate the volune with a container and a stopwatch and to note sedi-
ment content. Operation and naintenance personnel should be trained to

13-17
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observe the situation especially during high reservoir levels. Al seepage
outlets should be nonitored to determne long-term trends. Sand boils devel -
oping downstream require imediate attention. An estimate of the pore pres-
sure involved can be deternmined by sandbagging around the boil to neasure the
height of water rise. |If the seepage exiting at the toe or abutnent is severe
and will require renmedial work but the damis not in inmnent danger of fail-
ing, collection systems nust be designed as a pattern develops. Tenporary
control nmeasures such as toe drains and surcharge berms might be installed
with weirs to establish the severity and the trends of the seepage for use in
design of renedial work. Any changes noted during nonitoring, i.e., volume
change, sedinment |oad change, etc., should be considered inportant. After the
renedi al work has been designed it may include any nunber of the nmonitoring
systens discussed previously in this chapter. |f the seepage is exiting froma
drain systemthat is not being nonitored internally, visual nonitoring should
continue at specified intervals and during heavy runoffs and high reservoir

| evel s.

13-4.  Seepage Water Analysis.

a. Physical Analysis. Physical analysis of the seepage could include
i nfornmation on suspended solids, tenperature contours, and water resistivity
values. This information may be obtained from physical testing of sanples or
by renmpte testing techniques.

(1) The ampount of suspended solids in the seepage is an indication of
material novement and piping. Al though there are obvious problens wth nuddy
or turbid flow, seepage which appears clear may often carry small anmounts of
suspended solids that would be detected by occasional sanples and analysis.
Sedi nent traps built in conjunction with manhol es and weirs can be used to
i ndi cate the anount of suspended sedinent and to obtain sanples for chemca
anal ysi s.

(2) Several different methods of neasuring tenperature are designed to
hel p | ocate seepage areas not yet visible and to trace seepage fromits origin
toits exit. One renpte sensing method (U. S. Arny Engineer District, Los
Angel es 1981) is an aerial survey which includes any or all of the follow ng:
(a) color photography, (b) color infrared photography, (c) thermal infrared
and (d) color oblique imagery. The basis for the study is that different
materials (wet or saturated versus dry) possess different heat absorption
rates; therefore, heat radiation rates will differ. Since the specific heat
of water is higher than soil or rock, a warm zone in a known seepage area is a
suspected seepage outlet. This nethod is intended for |arge areas but snaller
areas can be covered by thermal infrared using portable hand-held units (Leach
1982). A second method of thermal monitoring (U. S. Arny District, Lcs
Angel es 1981) is to physically place an array of gages in and adjacent to the
enbanknent and neasure the diurnal tenperature (tenperature below the reach of
the surface but within the annual tenperature zone). A tenperature fluctua-
tion is interpreted as seepage related and becomes the basis for further study
in that zone. A vertical thermal contour can be nade in present open system
pi ezometers or in renedial planned piezoneters, again with tenperature fluctu-
ations or inversions interpreted as seepage related (U S. Arny Engineer Dis-
trict, Los Angeles 1981 and Leach 1982). These data are interpreted or
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expanded by determining the tenperature stratification of the reservoir, the
temperature of all known seepage sources, and the tenperature at the seepage
exits.

(3) Seepage can be nonitored by the physical detection of tracer ele-
ments such as dye and isotopes that have been introduced upstream of the seep-
age exit either in the reservoir or a piezoneter close to the suspected seep-
age path. The dye selected should have a favorable absorption and decay rate
and should meet state water quality control requirenents. Sanples taken from
pi ezometers, drains, and downstream exit points are nonitored using an instru-
ment capable of measuring parts per billion, e.g., a fluorometer for fluores-
cein dye. By recording time of arrival and concentrations, interpretations
can be made as to the source of the seepage and the perneability of the strata
along the path of seepage. Environnental isotopes are also traced by obtain-
ing sanples which can be neasured by a mass spectrometer for oxygen -18 and
deuterium and by the low level counting system for tritium

(4) Another physical property of the seepage that can be neasured is
its conductance or resistance. Resistance which would be defined in the field
by a resistivity survey is a neasure of the ability to resist current flow
through the seepage, a factor that is altered by the introduction of salt com
pounds, graphite, etc. A thorough sanmpling program from all possible sources
of seepage, all seepage exits, and all available piezometers can produce a
group of resistivity values that is an inportant tool in defining seepage
sources and possible paths. Using the geologic profile for the site, and by
comparing individual resistivity values or by conparison against a range of
known values (Telford et al. 1976), an interpretation as to the source of the
seepage and the strata through which it travels can be nade

b. Chemcal Analysis. To nmonitor and interpret the chemcal conposi-
tion of seepage requires a thorough know edge of the surrounding geol ogy or
chem cal analysis of sanples in the different strata. |If possible, a pre-
construction chenical analysis should be conducted on all water sources and on
any formation that night contribute ninerals or salts or that nmight affect
acidity or alkalinity.

(1) One inmportant chemical property would be the salt concentrations in
the seepage. In this case to determine correlations, reservoir and ground-
wat er concentrations are essential along with the mneral content of the area,
e.g., water flowing through |inmestone would generally increase in chloride
concentration. Mnerals such as feldpoid sodalite and apatite (Turkish
National Committee 1976) or caliche in volcanic regions (U S. Arny Engineer
District, Los Angeles 1981) can release chloride ions into the water. Inter-
pretation of chloride concentrations and its long-term trends can help deter-
mne the relative length of seepage paths (shallow or deep seated), the extent
of the leaching of the formation (whether concentrations are constant,
increasing, or decreasing), and the source of the seepage (conparable concen-
trations). Interpretation is sight-dependent and any of the above or possibly
ot her conclusions may be reached

(2) Another chenical property needed for interpretation is the mnera
content of the seepage. Mneral concentrations of cal cium and magnesi um
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bi carbonat e contai ning di ssol ved carbon nonoxi de increase with | ength of flow
through a linestone formation while flow through some clay nminerals may

i ncrease concentrations of calcium and nmagnesium Again, interpretation is
site dependent and requires a thorough know edge of the existing conditions.

(3) Stiff diagrams, as shown in figure 13-15, are a graphical nethod of
presenting the anions and cations that are dissolved in the water (Hem 1970).
The Stiff nmethod uses ions plotted in the same sequence to give an irregular
pol ygonal shape or pattern. In tracing the novenent of seepage water, the
Stiff patterns are plotted on a map of the site for various |ocations down-
stream of the dam and the reservoir. The Stiff patterns may yield infornmation
regardi ng the path(s) of seepage fromthe reservoir, prior |land uses down-
stream of the dam (feedlot, septic field, etc.), and type of formation
(gypsum dolonite, etc.).

13-5.  Renote Sensing Methods.

a. Resistivity and Spontaneous Potential. As part of a total seepage
study, resistivity and spontaneous potential methods have been used success-
fully for seepage delineation in soil and rock (Cooper and Bieganousky 1978
Cooper, Koester, and Tranklin 1982; and Koester et al. 1984). Resistivity
surveys used as part of a seepage study hel p identify possible zones of high
moi sture as a function of depth and location. After the surveys are correl ated
to previous borings or geologic information, new borings are placed in the
seepage flows. Spontaneous potential surveys are used to detect negative D. C
vol tage anonalies in the surface electrical field which have been found to
i ndi cate zones of seepage flow (Cooper, Koester, and Tranklin 1982; and
Koester et al. 1984). Although flowis indicated, depth to flow can not be
determned for a given anonaly.

b.  Photography. Methods using color, color infrared, aerial and ground
base thermal infrared, and col or oblique photography were discussed previously
in paragraph 13-4.a.

¢c. Refraction Seismic Surveys. Seismic surveys can be used indirectly
in a seepage study by providing a bedrock profile that can be used as an aid
in determining the location and depths of observation wells, piezoneters, and
relief wells. It is a quick and inexpensive method for obtaining subsurface
profiles.

d. Seepage Acoustic Vibrations. Acoustic enissions are the noises
generated whenever a material deforns or possibly by seepage whenever there is
turbulent flow against and around a casing (Koerner, Lord, and MCabe 1977).
The techni que has been used to detect seepage by placing an accel erometer on a
wavegui de that extends to the bottom of a borehol e and recording the vibrations
present (Koerner, Lord, and MCabe 1977; and Leach 1982). Increases in enis-
sions activity are interpreted as seepage flow A similar technique that
consi sts of |owering an acoustic mcrophone down into a reservoir has been
used to detect |eakage on the upstream asphalt-covered face and in the reser-
voir itself (Coxon and Crook 1976). One disadvantage woul d be high background
noi se |evels.
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Figure 13-15. Stiff diagram used to graphically present
anions and cations in seepage water (from Hem 1970)
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CHAPTER 14
| NSPECTI ON, MAI NTENANCE, AND REHABI LI TATION OF
SEEPAGE CONTROL MEASURES
14-1.  Introduction. Proper functioning of seepage control features requires

adequat e maintenance, inspection, and, if necessary, rehabilitation. Sone
seepage control methods such as relief wells are in the best condition they
will ever be the day they are installed and devel oped, while others such as
soil -bentonite slurry trench cutoffs nmay increase in effectiveness with tine.
Al seepage control features nust function effectively for the Iife of the dam
or be rehabilitated or, if necessary, replaced. The effectiveness of some
seepage control methods, such as the toe trench drain, may be directly
observed. For other seepage control nmethods, such as cutoffs, performnce
nonitoring (see Chapter 13) is essentially the only nmeans of determining the
degree of effectiveness.

14-2.  Inspection. The procedure for periodic inspection and continuing eval u-
ation of dams is given in ER 1110-2-100. Procedures for reporting evidence of
distress in dans are given in ER 1110-2-101. Procedures in these two ER s are

often supplenented by Division Regulations as well. Details concerning the
moni toring performance of seepage control nmeasures are given in Chapter 13.
The first general field inspection for new earth and rock-fill dans is carried

out immediately after topping out the enbankment. The initial inspection of
concrete dans is acconplished prior to inpoundment of reservoir water. The
second inspection for earth and rock-fill and concrete dans is nmade at a
reasonabl e stage of nornal operating pool but no | ater than one year after
initial inpoundnent has begun. Subsequent inspections will be made at one-year
intervals for the next four years, at two-year intervals for the follow ng
four years, and then may be extended to every five years if warranted. The
periodic inspections provide the opportunity for a group of specialists to
critically exanmine a project for existing and/or potential problems, to recom
mend renedial action or changes in instrumentation, and to direct the attention
of the operating personnel toward the significant and critical features of a
proj ect. However, the occasional inspection cannot take the place of daily
observations required to detect potentially dangerous problens at an early and
repairable stage. Table 14-1 outlines the inspection, instrumentation, mainte-
nance, and rehabilitation of seepage control facilities. Sone seepage control
met hods such as enbankment zonation, cutoffs, and upstream inpervious blankets
are not amenable to visual inspection. Oher methods such as flat slopes
downst ream of the dam and downstream seepage berns are nost accessible and
shoul d be inspected daily during periods of full reservoir pool to ascertain
that they are functioning properly in controlling seepage. (O her seepage con-
trol facilities should be inspected on a regular schedule as shown in

table 14-1.

14-3.  Mhintenance. Tinely performance of nmintenance on seepage control
facilities is required for the facilities to perform satisfactorily. Sone
seepage control nethods such as flat slopes downstream of the dam and down-
stream seepage berns are accessible and require maintenance. Qher seepage
control nethods such as enbankment zonation, cutoffs, and upstream inpervious
bl ankets do not require maintenance. However, maintenance is required on the
instrumentation used to evaluate the degree of effectiveness of all seepage
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Table l4-~1,

Inspection, Instrx

1on, Mai

ce, and Rehabilitation of Seepage Control Facilities

Flat slopes without
draine

Eabankment zonation

Vertical and horizonta}
drains

Horitontal drain
Cutoff

Compacted backfill
trench

Slurry trench

Soil-bentonite
Cement-bentonite
Concrete wall
Upstream impervious
blanket
Downstream seepage berm
Toe trench drain
Relief wells
Concrete galleries
Upstream impervious
blanket

Downatraam filter layer

Relief walls

Drainage blanket

Relief wells

Visual Inspection

Seepage Control Factlity Frequency ’ Iype of Observation Frequency . Typs of Measurement Typs of Maintenance

Daily

Weekly

Waekly

Daily

Veekly

V-tlo'(b)

Weekly

Weekly

(b)

Varies

Weekly

Variest®

Instrumentation

Control of Sespage Through Embankmant

Wer spots, slough- " Monthly Surface. monuments
ing, srosion
- Vuricl(b) Plasometer
Turbidity and dis- Vlfill(b) Pletometer

charge rate

Control of Underseepage

Turbidicy and die~ Vlric'(h) Piaxomatar
charge rate
- v.ricl(b) Piezometsr
- Vnric-(b) Piezometer
- Vltl.l<b) Pieztometar
- VArlnu(c) Resarvoir
sedimentation
Saepage, boils, Monchly Surface monuments
evosion
Turbidity and dfe- el -
charge rate
Flow rate and sand Vurtcu(b) Plezometer
infiltration
Turbidicy and dis~ —— -

charge rate

Control of Seepage Through Abutment

i Vlri;n(b) Reservoir
sedimentation
Turbidity wnd dig- - -
charge rate
Flow rate and sand Vltlll(b) Piezomster

infiltration

Parcilizing, wow~
ing, filling

(3

Fertilizing, mow-
ing, filling
Check parindically

Check pttlodicilly

Check patlodicnily

Check periodicslly

Contral of Seepsge Beneath Spillways and Stilling Basins

(®)

Turbidiey and dis- Varies Plezometer
charge rate .
Flow rate and sand V.ricn(b) Plezometer

infiltration

(C))

Chack periodically

(e)

(f)

(3)

)

)

Method of Rehabilitation

Extend wlope thickness
and length

Install short parallel
adjacent trench

Install short parailel
adjacent tranch

Grout edjacent to wall
Filling by barge dumping
or following resarveir

drawdown

Extand berm thickness
and lengeh

Rehabilitate wells

Filling by barge dumping
or following resservoir
drawdown

Rehab{litate wells

Rehabilitate wells on
unwatering of
structure

(.)Schcduln to be followed upon cbtainment of full reservoir pool.

pariodic inspection.

The schedule during initial fi{lling will ba determined during the initial

(h)oha‘tvatlon: should be made one week after maximum raservoir level and at three subsequent falling reservoir stages.

(c)v‘rlcs depending upon potential sedimentation problems, impact on project performance, znd impact on stream systes (see EM 1110-2-4000).
‘d)lilin; or falling head test should be conductad on pierometers snnually before the storage season (ses EM 1110-2-1908, Parz 1).

(.)Cctch basins, manholes, ditches, drainage pipe, and weirs should be cleaned, as 2 sinfmum {n the fall Iin preparation for the vinter
seascn, and agsin in the spring.
‘f)Annullly. before storage season, chack vslvas, gaskats, well guards, cover plates, flap gates on the outlats and other appurtenances (see

EM 1110-2-1908, Part 1).

(‘)Should be examined for stress <racks, bulges, shifts of alignment, excessive leakage, and debris clesned from gutters and weirs.
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control nethods. The type of maintenance to be conducted on seepage control
facilities is given in table 14-1.

14-4. Rehabilitation. I nspection and naintenance of seepage control facili-
ties may indicate the need for rehabilitation. The type of rehabilitation to
be conducted on various seepage control facilities is shown in table 14-1. If
the seepage control facility cannot be satisfactorily rehabilitated, renedial
seepage control facilities should be installed (see Chapter 12). The mgjority
of rehabilitation of seepage control facilities is in connection with relief
wells. Oten a relief well does not flow except during high reservoir |evels.
The water in the well becomes stagnant, various chenicals precipitate, algae
grows, and the efficiency of the well deteriorates. This will be manifested
by a fall in relief well discharge acconpanied by a rise in piezonetric
levels. Rehabilitation of a relief well is in essence a redevel opnent of the
wel | . In addition to nmechanical methods such as water jetting, surging, com
pressed air, and punping, certain chemcals, detergents, and water softeners
can be used in the rehabilitation process.. Chemcal tests on water sanples
fromthe wells will indicate if and what chemicals are applicable. An exam -
nation of the well screen with a borehole TV canera is recommended, turbidity
of the water permtting, to determine the degree of deterloration and/or
clogging of the screen. For well screens constructed of netal (no wooden
screens) that will not be damaged by acid, incrustation from cal cium carbonate
that has cenented gravel filter particles can be renoved by treatnent with
hydrochl oric acid. For well screens constructed of nmetal, treatnment with

chlorine can renmove bacterial growhs of slimes. Iron oxides nay be renpved
by treatment w th pol yphosphate and surging the well. Calcium hypochlorite
can be used with pol yphosphates to kill iron bacteria (Johnson Division,

Universal O Products Co. 1972).
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APPENDI X B
APPROXI MATE METHODS FOR ANALYSI S OF FLOW PROBLEMS
B-1. Introduction. As previously nmentioned in Chapter 4, various nethods are

available, in addition to flow nets, for solving idealization of seepage prob-
lems. As shown in figure 4-3, these nethods include electrical analogy,
hydraulic or sand tank nodels, viscous flow npdels, nethod of fragments, finite
difference nethod, and finite elenment nethod. Prior to conducting an analysis
the problemto be studied nust be defined in terms of:

a. Aquifer and enbanknent dimensions.

b. Coefficients of permeability of the embankment and foundation soils.

c. Horizontal to vertical pernmeability ratios.

d. Boundary conditions (inperneable and symmetrical).

e. Exits and entrances (fixed potential areas).

f. Head versus time relationships for unsteady flow.

Sensitivity studies may be run to establish the effect of paranmeters not known
accurately.

B-2. Electrical Anal ogy.

a. General. Processes which involve noverent of current due to differ-
ences in energy potential operate on the same principles as novenent of con-
fined ground water as shown in table B-I. Therefore, to obtain the pattern of
equi potential lines or flowlines (see figure 4-4), the flow domain is trans-
ferred by an electrical conductor of simlar geometric formas first proposed
by Pavlovsky in 1918 (Harr 1962). Electrical anal ogies may invol ve two-

di nensi onal conducting paper nodels or three-dimensional tanks contai ning
aqueous sol ution

b. Two-Dinensional Mdels. Wen field conditions can be approxi mated
by a two-dinensional plan or section, teledeltos conducting paper nodels may
be used to obtain a flow net. Two-dinmensional teledeltos nodels are sinple to
use and can accommopdate various geonetries. However, it is difficult to simu-
|ate varying perneabilities and they are generally restricted to steady state
confined aquifers (Bear 1972, Boer and Mlen 1972).

c. Three-Dinensional Mdels. The use of electrical analogy nodels is
descri bed by various authors (Zangar 1953, Todd and Bear 1959, and Duncan
1963). The three-di mensional electrical analogy nodel at the U S. Arny
Engi neer Waterways Experinent Station (WES) (see figure B-1) is a plexiglass
tank filled with dilute copper sulfate solution and having a cali brated
el evated carrier assenbly for the accurate placenent of a point electrode probe
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Table B-1. Analogy Between Darcy's Law and Chnis Law(w
Darcy's Law Chm's Law
Q =rate of flow or water | = current (rate of flow of electricity)
K= coefficient of pernmeability K' = conductivity coefficient
A = cross-sectional area A' = cross-sectional area
H = head producing flow V = voltage producing current
L = length of path of percolation L' = length of path of current

(3) From Bureau of Reclamation. 27

anywhere in the fluid. Extensive use of the WES nodel has been made to

(1) Determine uplift values and seepage quantities for use in the
design of Colunbia Lock and Dam Louisiana (Duncan 1962).

(2) Determine the uplift values and seepage quantities for fully and
partially penetrating well arrays from line and circular sources (Duncan 1963
Banks 1963, and Banks 1965).

(3) Determine uplift pressures beneath the spillway, piezonmetric heads
at the downstream toe of the dam and total seepage quantities for use in the
design of Cakley Dam Illinois (MAnear and Trahan 1972).

B-3. Sand Tank Mydel. The sand tank nodel (hydraulic nodel), as shown in
figure B-2, consists of a rigid, watertight container with a transparent front,

filled with sand, deaired water,‘® and neasuring devices. The geonetry of the
sand tank corresponds to that of the prototype. The sand may be placed under
water to provide a honogeneous condition, or layers of different sand sizes may

be used to study anisotropy. |If the flow is unconfined and the sane nateri al
is used for nodel and prototype, the capillary rise must be conpensated for in
the nodel. Wen a steady-state flow is reached, dye can be introduced at

various points along the upstream boundary close to the front wall to form
traces of the streamines. Piezonmeters are used to neasure the pressure heads
at various locations (Bear 1972 and Harr 1962). A sand tank nodel was enployed
to investigate the effect of length of horizontal drain on the through seepage
flow nets and quantities for a honogeneous and isotropic sand enbankment

()" For prolonged tests, disinfectants such as Formol should be added to the
water to prevent bacterial growh that causes clogging (Bear 1972).
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Figure B-2. Hydraulic or sand tank nodel
(prepared by VES)
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(Brand and Arnstrong 1968). Sand tank nodels are al so used extensively in
petrol eum engineering, ground-water quality, and pollution research (Bear 1972
and Prickett 1979)

B-4. Viscous Flow Mdels. The viscous flow nodel, also called the Hel e- Shaw
or parallel plate mbdel, is based on the simlarity between the differentia
equations governing saturated flow in a porous nedium and those describing the
flow of a viscous liquid in the narrow space between two parallel plates. The
viscous flow nodel contains the shape of the structure to be Investigated and
once a steady-state flow is obtained, colored dyes can be injected along the
upstream edge and patterns of streamines can be observed. A camera (novie or
still) is normally used to record the results of experinents. |nhonogeneous
hydraulic conductivity, such as would exist in a zoned earth dam can be sinu-
|ated by varying the width of the interspace between the parallel plates, as
shown in figure B-3. The viscous flow nodel experinents should be conducted in
a tenperature-controlled room because viscosity plays an inportant role in
analog scaling. If this is not feasible, the tenperature should be neasured at
all inflow and outflow points during the test and scal es nust be reconputed
according to the varying average tenperature of the liquid in the nodel (Bear
1972 and Harr 1962). A viscous flow nodel was constructed at WES to simulate
seepage conditions induced in streambanks by sudden drawdown of the river |evel
The results from the nodel study conpared favorably with field observations,
finite difference, and finite elenent nmethods (Desai 1970 and Desai 1973).

B-5. Method of Fragnents.

a. General. The nethod of fragments is an approximate anal ytica
net hod for the conputation of flows and pressure heads for any ground-water
system  The underlying assunption of this procedure devel oped by Pavl ovsky in
1935 (Pavlovsky 1956 and Harr 1962) is that equipotential lines at various
critical locations in the flow region can be approximated by straight vertica
lines. These equipotential lines divide the flowregion into parts or frag-
ments. Qher assunptions inherent in the nethod of fragnents procedure are
(a) Darcy's lawis valid, (b) steady-state flow exists, and (c) the soil medium
is approxinmated as a single honbgeneous and isotropic layer or at series of
such layers. The transfornation of anisotropic soil to an equival ent isotropic
soil is described in Section 4.7 of this manual

b. Basic Concepts. The quantity of flow through a single fragnment is
conmput ed as

khi
qQ=3 (B-1)
1

wher e

k - coefficient of perneability

>
1

head | oss through the fragment

2y
1

di mensionless form factor, = N/ N
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Because the fragnent boundaries consist of equipotential lines, the flow
through each fragment nust be equal to the total flow through the system  Thus

(B-2)

Since summation of the head loss in each fragment is equal to the total head
loss, the total quantity of flow can be expressed as

where h is the total head |oss through the section. Along the same line, the
head | oss in each fragnent can be calculated from

i n (B-4)

The head | oss al ong any inpernmeabl e boundary of a fragnent is assuned to
change linearly. Thus the head loss within fragnent i up to point Ais

equal to the head loss in the fragnent times the ratio of the length of the
boundary to point Ato the total |length of boundary. The basic concept of the
net hod of fragnent procedure is to break the flow region into parts for which
the formfactor is shown in figure B-4 (Harr 1977). This manual will describe
how to calculate the factors for each type of fragnent (Harr 1962 and Harr
1977).

c. Fragment Types. There are currently nine different fragnent types
O these, the first six are for confined flow while the last three are for
unconfined fl ow.

(1) Type |. This fragnent type represents a region of paralle
hori zontal flow between inpervious boundaries. For this internal type
fragnent, shown in figure B-5a, the flow per unit width is equal to

kh,a
Q= — (B-5)
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Thus from Equation B-1, the form factor is
L
¢ =7 (B-6)
An elemental Type | section shown in figure B-5b illustrates that
dx
ae = =2 )
y (B-7)

This elenental section will be used to derive the form factors for fragnent
types IV, V, and VI.

(2) Type Il. This fragment type represents a vertical inpervious
boundary embedded a length S into a pervious layer of thickness T . This
fragment can represent either an entrance condition (figure B-6a) or an exit
condition (figure B-6b). The form factor is obtained fromthe plot in
figure B-4 where the scale of ¢ is given as one-half the reciprocal of

Q kh or

Al

The formfactor could also be expressed as the ratio of the elliptic integral
of the first kind with nmodulus m over the elliptic integral of the conplenen-

tary nodulus, m . For this fragnent type, the modulus value is a function of
the ratio S/T . The graph in figure. B-7 was obtained by solving the elliptic
integrals for various conbinations of SST . For the type Il fragments, the

ratio of b/ T equals O .

(3) Type IIl. This type of fragment represents an inpervious |ayer of
length b , a vertical boundary of depth S, in a pervious |ayer of thickness
T. Either of the sections shown in figure B-8 can represent this fragment

type. The form factor is obtained directly fromfigure B-7 with b/T other
than zero. For this case, the elliptic integral nmodulus is a function of both
b/T and S/T .

(4) Type IV. This type is an internal fragment with boundary |ength
b , enbednent length S, in a pervious layer of thickness T . Figure B-9a
illustrates the two possible configurations. Pavlovsky divided the flow region
into active and passive parts based on the results of electrical anal ogue tests
as shown in figure B-9b by line AB. An angle of 45 deg was assumed for the
line dividing the two parts of the fragnment. This resulted in two cases,
depending on the relation between b and S . For the case where b < S, the
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(a) (b)

Figure B-5. Type | fragnent (courtesy of MGawHll

Book Conpany 181)

(a) (b)

Figure B-6. Type Il fragnent (courtesy of MGawH Il

Book Conpany 181)
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Figure B-8. Type IIl fragnment (courtesy of MGawH Il
Book Conpany 181

active zone is conposed of elenments of type | fragments of width dx illus-
trated in figure B-9c. The formfactor is the integral of dx over y from
0 to b which results in a form factor of

<I>=2n<1+—2—> (B-9)

If b > S, then the fragment can be divided into two fragnents as shown in
figure B-9e. The first is a type IVwith b > S and the second is a type |
fragnent with L equal to b - S . Thus the formfactor is the sum of the
form factors which would be

S b -8
[} =,Q,n<1+z>+ T (B-lO)
(5) Type V. This fragnent type has two vertical boundaries of equal
enbednment S in a pervious layer of thickness T . As shown in figure B-10,

the form factor for this fragment is twice that for the type IV fragnent.
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Figure B-9. Type IV fragnent (courtesy of McGawH |l Book
18
Conpany ])
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Figure B-10. Type V fragnent (courtesy of MGawH Il
181)
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Book Conpany
Since there were two cases of type IV fragnent, there are two cases for the

type V fragnent. The two cases are for L < 2s and L > 2S . For the first
case, the formfactor is

- L )
<I>—2£n<1+2a> (B-11)

For the second case which consists of a type | fragment within two type IV
fragments, the formfactor is

_ s\ ,L-2s ]
¢ = 2R,n<1 +a> + = (B-12)

(6) Type VI. This fragment type, illustrated in figure B-11, is the
same as the type V fragnent except that the enbedment |engths are different.
Using the same approximations as in fragment type IV, there are two cases for
the formfactor. For the first case where L > (S + S"), the formfactor is

g! g" L - (S' + 8"
<l +ET)<1 +-a-—,f> + T (B-13)
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Figure B-11. Type VI fragnent (courtesy of MG aw Hill
Book Conpany 181)

For the second case where L < (S + S"), the formfactor is

b' bll
¢ = &n (1 +'a_")<l+§"> (B-14)
wher e

bt < Lt (s' - 8")

2
w_L-(8"-8"
bt = 2
(7) Type VII. This fragment represents the condition of unconfined

flow This flow is characterized by having one boundary of the flow domain as
a free surface (line AB in figure B-12). This free surface separates the
saturated region from that region where no flow occurs. From Darcy's |aw and
Dupuit's assunptions, the hydraulic gradient is (h; - hy)/L and the
cross-sectional area is (hy + hy))/2 , thus the flowis

Q= k —=™ (B- 15)
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Figure B-12. Type VIl fragment (courtesy of MGawH |

Book Conpany 181)

From this, the formfactor is

2L
@ = . (B' 16)
h1 + h2
(8) Type VIII. This fragment type represents an upstream sl ope
entrance condition on an earth dam of height hy and is illustrated in
figure B-13. It was assuned that the curve streanlines (cd) could be

approxi mated by horizontal flow channels of length ed (Pavlovsky 1956 and
Harr 1977). Wth this assunption, the hydraulic gradient in each channel is

) d(hl - h) a,

dy " cot a(hd -v) (B-17)

[N
I

B-16



EM 1110-2-1901
30 Sep 86

R )

“pFree surface

-~

Figure B-13. Type VIII fragnment (courtesy of MG aw Hi |l

181
)

Integrating the ratio dy/(hy - y) from 0 to h generates the expression
for the quantity of flow as

Book Conpany

Q=k =—— gn —23 (B-18)

(9) Type IX  This fragment type, shown in figure B-14, represents the
exit condition where the surface of seepage exists. The surface of seepage
(DE) is not an equipotential line or a streamine. Pavlovsky assuned that the
flow is horizontal. For the portion of the slope between D and E , the
flow is the coefficient of perneability times the integral of dy over
cot 8. The flowfor E to Fis the perneability times the integral of

a,dy over the cot B (a, + h, - y) . Wen the integration is perforned, the
expression for the flow is
ka, a, +h
_ 2 2 2
Q—cot B (1+2 a, ) (B-19)
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Free surface
0 4 Ay

Figure B-14. Type |X fragment (courtesy of MGawH I

Book Company 181)

d. Exit Gadient. The method of fragments procedure can be used to
determne the exit gradient discussed in paragraph 4.9 of this nmanual. For

this procedure, the last fragment (downstream) needs to be either a type Il or
a type Il fragment. The exit gradient is defined as (Harr 1962)
hmTT
Ig = KT (B-20)
m
wher e
hm= head loss in the last fragment
K = conplete elliptic integral of the first kind with nodul us m

T

depth of flow region

As defined before, the mbdulus m is a function of both b/T and S/T and
is defined as

s 2 Th 2 WS _
m = cos -é-l:«’tanh 57 + tan” 5o (B-21)
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Instead of calculating the various values, for type Il fragments figure B-15
can be used with S/T to obtain the fraction for 1S/ h,. By substituting

the appropriate values, the exit gradient is calculated.

e. Exanple 1. The method of fragment procedure for confined flow will
be illustrated in the follow ng exanpl e obtained for John H Overton Lock and
Dam (U S. Arny Engineer District, St. Louis 1978). This problem will analyze
the steady state flow conditions for a two-dinmensional idealization of the
| ock structure. The quantity of flow and head al ong the bottom of the |ock
will be deternmined. For illustrative purposes, the exit gradient procedure
will be included. The dinensions of the structure, shown in figure B-16, are
those used in the analysis after the cross section has been transformed to

account for soil anisotropy. The original analysis contained tw soil |ayers,
but for illustrative purposes the soil will be nodeled as one |layer. The first
step is to determne the formfactors for each region. The first region is a
type Il fragnent with S =19 ft and T = 89 ft . Using figure B-7 with
SST=0.21, the fraction for QKkh = 0.78 , thus <I>1= 0.641 . Region 2 is a
type | fragment with L = 456 ft and a = 70 ft . From figure B-4, the form
factor for the type | fragnent is equal to L/a , thus ¢, = 6.514 . The third
region is a type Il fragnent with S =9 ft and T = 79 ft . Using figure B-7
with S/IT = 0.114 , the fraction for Qkh = 1.01 , thus <p3 = 0.495 . The

summation of the form factors is 7.650. The quantity of flow is calculated
fromequation B-3. Using transforned permeability of 400 x 10'4 cmsec and a

total head of 18 ft, the quantity of flowis calculated to be 266.8 ft° day/
foot of lock width. The head loss in each fragment is calculated from equa-
tion B-4. The following table lists the head loss for each fragnent in this
probl em

Regi on ] h;
1 0. 641 1.51
2 6.514 15. 33
3 0. 495 1.16
£ = 7.650 £ = 18.00

The head al ong the bottom decreases from 16.49 ft at the upstreamend to 1.16
at the downstream end. Using the assumption of a linear distribution of the
head loss within a fragment, the head at any point along the bottom of the

| ock could be calculated as

- _(distance to pt A for upstream of Iock)
head at pt a = 16.49 ft Total Tength of Tock 15.33 ft (B-22)
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Figure B-15. Relationship for determining the exit gradient as a function
of the head loss in the fragment and geometry for a Type Il fragnent

, 181
(courtesy of MGawH Il Book Company )

B-20



EM 1110-2-1901

30 Sep 86
65 =V EL 58
T T T
! I o]e}
50 ~ | '-q—-—-l
| ASSUMED WAT
ag 57 _-____fiLf\fL_IiL_EC_E__ EL.40 ¥
ag L EL 29 LOCK STRUCTURE
M -
S 3 456 FT
. 290 1— I EL. 19
%] i 9'
S 5 { EL 10
{
" ; | |
Z or l |
S} | ‘ |
< ’ ' |
z -0 - | |
- | |
§ o — REGION | | REGION 2 : REGION 3
! I l
-30 ~ {
z | |
_ap — | l
i I |
-850 — l l
l } :
-60 |

AN NN NANAEN NN AU SRR A DN SRS UG U ST NSRS R URSUSUURUSSUSOAS RN

TRANSFORMED K=400x 10 ® CM/SEC
=113.39 FT/DAY

Figure B-16. Transformed section of John H Overton Lock sinplified to one

soil layer (fromU S. Arny Engineer District, St. Louisllz)

The exit gradient is calculated for region 3 which is a type |l fragnent.
Using S/IT = 0.114 with figure B-15, the fraction for 1S/ h,is found to be

0.63. Wth a head loss of 1.16 ft in this fragnent, the exit gradient is
calculated to be 0.082

f. Exanple 2. This exanple will illustrate the nethod of fragnment pro-
cedure for unconfined flow problens. The exanple is obtained from John H
Overton Lock and Dam (U. S. Arny Engineer District, St. Louis 1978). The
problemis to locate the free surface in the closure damand to determnine the
guantity of flow through the dam under steady state conditions. The dinen-
sions of the structure shown in figure B-17 are after the naterial has been
transformed to account for soil anisotropy. This sanple problem assunes an
i npervious boundary at the base of the dam To account for some flow under
the dam the inpervious boundary could be |owered. By lowering the boundary
to the lowest possible point, bounds for the problem would be established
There are three fragment types in this earthen enbankment. Region 1 is a
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Figure B-17. Transformed section of John H Overton closure dam (from

U S. Arny Engineer District, St. Louisllz)

type VIIl fragnent while region 2 is a type VII fragnent and region 3 is a
type I X fragnent. To calculate the flow through region 1, equation B-18 is
used with hi =32 ft; hy =37 ft, and o = 19.9 deg (cot a= 2.76).

Substituting into the equation produces

= 32 - h 2,1] 37 (B‘23)

Q
k  2.76 37 - h

For region 2, the quantity of flow is calculated from equation B-15.
Substituting into this equation produces

h2 - (a2 + 14 ft)2
= T (B-24)

o

For region 3, equation B-19 defines the quantity of flow. By substituting
cot 8 = 2 and H, = 14 ft produces

a a, + 14
Q.2 2 )
T 5 1 + %n a (B-25)
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From the enbankment geonetry, L can be defined as
L=5>+ cot B[hd— (a2+h2)] (B-26)

By substituting into equation B-26, there are four equations with four
unknowns, h , a,, Qk , and L . There are several nethods to solve these

four equations (Harr 1977). For the case where h, = 0 , a reduction of

two equations and two unknowns occurs. For this exanple, equation B-23 will
be conbined with equation B-24 and equation B-26 will be substituted for L .
This produces

2 _ 2
32 -h, (37 \_ h™ - (8 + 14) .
2.76 37 - ®) " 20133 + 2[37 - (a, + 10] (B-27)
Al so equation B-23 can be conbined with equation B-25, producing
+ 14
32 - h 37\ % a2
2.76 2“(37—h)- 7 \' T T (B-28)

Equations B-27 and B-28 have reduced the equations and unknowns by two. Thus
with two equations and two unknowns, a trial and error graphical process can
be used. The results of this process are shown in figure B-18 and indicate
that h = 28.9 ft and a, = 0.9 ft., Substituting into equations B-23 and B-25

generates a Qk value of 1.71 which results in an estimated fl ow of
242.4 ft* day/ft of dam Knowing h and a, , the location of the phreatic
surface can be estinated.

g. Flow in Layered Systens. One of the lintations of the nethod of
fragments is that the flow layer is assumed to be honpbgeneous and isotropic.
An approximate procedure to determine flow characteristics of a layered system
was proposed by Polubarinova-Kochina (1941). Harr (1977) extended this method
as follows. The coefficients of perneability for the two |layers are related by
a dinensionless paranmeter ¢ by the expression

k2
tan me = 3= (B-29)
1
wher e
k, = coefficient of perneability of the upper |ayer
k, = coefficient of perneability of the |ower |ayer
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Figure B-18. G aphical solution-of equations B-27 and B-28

(from U S. Arny Engineer District, St. Louis
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The ratio of permeabilities can vary fromO0 to infinity. Over this range, ¢
ranges fromO to 1/2. The basis of this method is to determine the flow and
head | osses for three certain special cases of ¢ and then interpolate
between these values. The three special cases are as follows:

(1) e€=0. For ¢ to be equal to 0, k, nust equal 0. Therefore

the problemis reduced to a one-layer problem with a flow region thickness
equal to the upper |ayer.

(2) e =1/4 . For ¢ to be equal to 1/4, k, nmust equal k; .

Therefore, the problemis reduced to a one-layer problemwth a flow region
the thickness of the upper and |ower |ayers.

(3 e =12 . For ¢ to be equal to 1/2, k, must be infinite. This

case represents the infinite flow where there is no resistance to flowin the
lower layer. Since Qkh = «» the inverse of this ratio is equal to zero.

This procedure can be expanded to a three-layer systemby the use of two ¢
values. The first value would be for the top two |layers, while the second
woul d be for the bottom two |ayers.

h. Exanple 3. This exanple will illustrate the method of fragment pro-
cedure for confined flow in a two-layer system The exanple is obtained from
John H Overton Lock and Dam (U. S. Arny Engineer District, St. Louis 1978).
This problemw || analyze the steady-state flow conditions for the dam and
stilling basin. The quantity of flow and head al ong the bottom of the struc-
ture will be determined. For illustrative purposes, the exit gradient proce-
dure will be included. The effect of various paraneters like the length of
sheetpile cutoff can be studied using this procedure. The dinensions of the
structure, shown in figure B-19, are those used in the analysis after the cross
section has been transformed to account for soil anisotropy. There are three
fragnents for this problem and three ¢ cases to be evaluated. For the first
case, ¢ =0, all the flowis assumed to occur in the clay layer. Region 1 is
atype Il fragnent with S =25 ft and T = 35 ft. Using figure B-7 with
SIT=0.71, the fraction for Qkh =0.36 , thus ¢, = 1.38 . The second

1
region is a type V fragment with S = 13 ft, T =23 ft, and L = 73.5 ft.
Since L > 25, equation B-13 is used to calculate the form factor. For the
above values, the formfactor is 3.73. Region 3 is a type Il fragnent where

S=24ft and T = 34 ft. The formfactor, using figure B-7, is calculated to
be 1.36. Using equation B-1, the ratio Qk; is 2.78 and k;/Qis 0.36 .

For the second case, ¢ = 1/4, the flowis assumed to be equal in both |ayers.
The form factors are recal culated using the same fragnent types. The value of
Qk, is 6.50 which results in a k,/Q value of 0.15. For the last case,

e =12, all flowis assumed to be in the lower sand layer. Only vertical
flow occurs in the top or clay layer. For this case, Qk, is infinite which

results in a ky/Qof 0 . A plot of k;/Q versus e¢is shown in fig-

ure B-20a. For this problemk, is 200 tinmes k; , therefore ¢ equals 0.48.
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Figure B-19. Transforned section of John B. Overton Dam and stilling
basin for one case of sheet pile lengths (from U S. Arny Engineer

District, St. Louisllz)

By interpolation for € =0.48, k,;/Qequals 0.01 which results in a flow Q

of 56.7 ft®day/ft of dam To determine the head along the bottom of the
structure, the head at points A and B in figure B-19 nust be determined. Using
the procedure described in exanple 1, equation B-22, the followi ng head |oss
and total head values are cal cul ated.

Point A Point B
Head Loss Total Head Head Loss Total Head

€ ft ft ft ft
0 5.2 52.8 12.8 45,2
1/4 6.2 51.9 12.0 46.0

For the case where € = 1/2 , the head anywhere along the bottom of the struc-
ture is equal to half the total head loss, or for this case 9 ft. Thus the
total head on points A and B is equal to 49 ft. Figure B-20b is the plot of
the total head versus e and shows, for an € of 0.48, the total head at
point Ais 49.4 ft while the total head at point Bis 48.5 ft. The exit gra-
dient for each & case is calculated by the procedure described in example 1.
For the case of € =0, the fraction IS/ h,is 0.55 which with S = 24 ft
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and h, = 3.8 ft produces I 0.087 . For the e = 1/4 case, the fraction
| S/ h, is 0.615 which with S =24 ft and h, = 5.0 ft produces
lg = 0.128 . For the case where € =1/2 , the head loss is the total head and

the distance is the thickness of the top layer. Using the equation

j=p

_ . m !
IE—2d1 (B-30)

the exit gradient is 0.265. The exit gradient versus e plot is shown in
figure B-20c. For an ¢ value of 0.48, the exit gradient is 0.245.

i. Uses and Limtations. The nmethod of fragment procedure should be
used as a design tool where various factors are changed to evaluate their
effect or as an analytical tool when quick approximte results are needed.
VWen nunmerous factors are varied, the construction of flow nets becones very
tedious and time consuming. The method of fragment procedure will generate
reasonable results for problens where the assunptions are not greatly viol ated.
There are several points the user needs to be aware of when using this proce-
dure. The flow region nust be generalized so that it consists of horizontal
and vertical boundaries. The procedure nodels the actual flow paths within
the flow region, thus if there is any doubt as to the direction, a rough flow
net should be drawn. This becones inportant when a small portion of a struc-
ture is nodeled with several fragments because the flow could be nodeled in
unnatural paths. The accuracy of the results is dependent upon how well the
fragment boundary actually represents vertical equipotential lines. The
greater the deviation, the greater the degree of error. However, for many
practical problens reasonable results are generated. Conparison of the nethod
of fragnent results with finite elenent solutions for a one-layer system
showed that the quantity of flow values for the fragnent procedure are within
8 percent of the finite element results, while the uplift values are within
38 percent of the finite element results. The Conputer-Aided Structural Engi-
neering (CASE) project has devel oped a conputer programfor the nethod of
fragments procedure with a user mmnual describing the program (Pace et al.
1984) .

B- 6. Finite Difference Method.

a. Method of Solution. As previously nentioned in Chapter 4, the
finite difference nethod solves the Laplace equations by approximating them
with a set of linear algebraic expressions. The approximation is mathemtical
rather than physical. The early nethods of solving finite difference expres-
sions for Laplace's equation were based upon hand calcul ations by the rel axa-

tion method”. However, nore recently a wide range of finite difference
solutions suited to the digital conputer have been devel oped. A description of

(1) For exanple, see Appendix A of EM 1110-2-2501.
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avai |l able methods used to solve finite difference problens including exanple
applications, case studies, and computer program listings is available (Rushton
and Redshaw 1979).

b. Advantages. Use of iterative techniques such as successive over-
relaxation which converge to the correct solution allows solution of uncon-
fined and transient flow problems, For sinple problens, the finite difference
nethod is usually nore economical than the finite el enent nmethod (Rushton and
Redshaw 1979)

¢. Disadvant ages. The finite difference method is not suited to com
pl ex geonetry, including sloping |ayers and pockets of materials of varying
perneability. Irregular grids are difficult to input. Therefore, zones where
seepage gradients or velocities are high cannot be accurately nodel ed (Rushton
and Redshaw 1979).

d. Applications. The finite difference nethod was used at VES to sinu-
| ate seepage conditions in streanbanks induced by sudden drawdown of the river
level. As nentioned previously, this study included a viscous flow nodel
field observations, and application of the finite element and finite differ-
ence methods. The results of the study indicated that the finite difference
nmet hod provided satisfactory and economical solutions for transient unconfined
fluid flow in porous, anisotropic, and nonhonogeneous nedia (Desai 1970 and
Desai 1973). The finite difference method was used to predict the location of
the phreatic surface within a zoned enbankment with arbitrary fluctuations of
the reservoir (Dvinoff 1970). Generalized digital conputer prograns have been
devel oped which use the finite difference method to sinmulate one-, two-, and
t hree-di mensi onal nonsteady flow problens in heterogeneous aquifers under
water table and artesian conditions (Prickett and Lonnquist 1971 and Desa
1977). The finite difference nmethod has been used to predict unsteady flow in
gravity wells. Good agreenent was found between conputed results and
| aboratory test results obtained using a sand tank npodel (Desai 1977).

B-7. Finite Elenment Method

a. Method of Solution. As previously nentioned in Chapter 4, the
finite element nethod is conceptually a physical rather than a mathenatical
approximation. The flow region is subdivided into a nunber of elenments and
perneabilities are specified for each element. Boundary conditions are speci-
fied in terns of heads and flow rates and a system of equations is solved to
compute gradients and velocities in each element (Desai and Abel 1972 and Desa
1977). Two- and three-dinensional finite el ement seepage conputer prograns for
both confined and unconfined flow problens have been devel oped at WES.  Steady-
state and transient problems (that can be treated as a series of steady-state
probl ens) can be solved (Tracy 1973a; Tracy 1973b; and Hall, Tracy, and
Radhakri shnan 1975). An interactive graphics preprocessor is available to
generate the finite elenent grid (Tracy 1977a). It is possible to conpute the
stream function and potential and plot contours of these values to obtain the
flow net (Christian 1980 and Christian 1980). Details concerning the selection
of spatial and time meshes, conputer time required, convergence, and stability
are available (Desai 1977). Also, an interactive graphics postprocessor is
available to assist in the analyses of the finite element results (Tracy
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1977b). A listing of finite element seepage conputer prograns used within the
Corps is available (Edris and Vanadit-Ellis 1982).

b. Advantages. The finite element nethod is well suited to conplex
geonetry, including sloping layers and pockets of materials of varying pernmne-
ability. By varying the size of the elenents, zones where seepage gradient or
velocity is high can be accurately nodel ed.

c. Disadvantages. The finite element nethod is usually nore costly than
the finite difference nmethod for sinple problens (Rushton and Redshaw 1979).

d. Applications. The finite element method has been used in several
cases to provide solutions to seepage problens.

(1) VES studies. As discussed previously, the finite elenment nethod was
used at WES to simulate seepage conditions in streambanks induced by sudden
drawdown of the river level. This study included a viscous flow nodel, field
observations, and application of the finite difference and finite elenment
methods. The results of the study indicated that the finite elenent nethod
provi ded satisfactory solutions for transient unconfined fluid flow in porous,
ani sotropic, and nonhornpogeneous nedia (Desai 1970 and Desai 1973).

(2) Location of phreatic surface. The finite element nethod has been
used to deternmine the location of the phreatic surface in earth dans (lsaacs
1979; |saacs 1980; Wi and Shieh 1979; and Desai and Kuppusany 1980). The
finite element nmethod was used to locate the phreatic surface within tailings
pond enmbankments and to define the subsurface flow of water from the pond.
Results predicted using the finite elenent nobdel were confirmed with
measurenents in a laboratory nodel and in the field (Kealy and Busch 1971).

(3) WA.C. Bennett Dam The finite elenent nethod was used to assess
the potential seepage flows and uplift pressures in the foundation rock for
WA.C. Bennett Dam in British Colunbia, Canada (see figure B-21). The finite
el ement analysis (see figure B-22) was carried out assuming the follow ng
condi tions:

(a) Wth an effective grout curtain.

(b) Wthout an effective grout curtain.

(c) Wth a drainage system

(d) Wthout a drainage system

(e) Wth various rock perneabilities.

The results of the finite elenent analysis, shown in figure B-23, indicate the
greatest reduction in seepage flow and hydrostatic pressure could be accom

plished by an effective grout curtain and downstream drai nage system (Tayl or
and Chow 1976).
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LEvarTion = MITEMY

(A) Core. , (G) 2'-3' riprap.

(B) Transition. (H) Piezometers :

(C) Filter. . ® Hydraulic type;

(D) Drain. ‘ ¥ Vibrating wire type:
(E) Free draining gravel. o Pneumatic type.

(F) Random shell.

Figure B-21. Cross section of WA.C. Bennett Dam British Col unbia,

Canada (courtesy of International Conmission on Large DarT5269)

(4) Corps of Engineers levees. The finite element method was used by
the U S. Arny Engineer District, Rock Island, to study hydraulic sand fill
| evees along the M ssissippi River (Schwartz 1976). Finite el ement and

gradi ent pl ane (1) anal yses were used in conjunction with data froma full scale
test levee to establish the material properties of the sand levees and to
determine the exit point of the free seepage surface, the quantity of through
seepage, and the exit gradients along the free discharge face. A paranmeter
study was performed and dinensionless design charts were devel oped.

(5) Reservoir loading conditions on zoned embankments. The use of the
finite elenent nethod to study the effect of initial filling of the reservoir,
steady seepage, and rapid drawdown of the reservoir on zoned enbankments has
been given (Eisenstein 1979).

(6) Bureau of Reclamation dams. The Bureau of Reclamation has utilized
two- and three-dinensional finite el ement nethods, electrical. anal ogy, and
mat hemati cal nethods to anal yze seepage flow through a dam enbanknent and

(1) The gradi ent plane nethod is a graphical solution by neans of the hodo-
graph (see description by Casagrande 1937).
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Figure B-22. Finite element study results (courtesy of International
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foundation (Mantei and Harris 1979). Narrows Dam Col orado, on the South
Platte River, was analyzed for seepage at the feasibility stage. Because of a
pervious foundation, the planners called for a positive vertical cutoff by
constructing a slurry wall down to the underlying shale. However, near the
right abutnent the shale drops away to depths too great for economcal slurry
wal | construction. A three-dinmensional finite element nodel (see figure B-24)
was used to determine the vertical exit gradients at the downstreamtoe of the
dam The finite elenent nethod was used to study the effect of a toe drain,
partial depth slurry trench, partially and fully penetrating relief wells (see
figure B-25). Cal anus Dam Nebraska, on the Cal anus River, was al so anal yzed
by the Bureau of Reclanmation for seepage at the feasibility stage (Mantei and
Harris 1979; Mantei, Esmiol, and Cobb 1980; Mantei and Cobb 1981; and Cobb
1984). Cal amus Dam has a setting very sinmlar to Narrows Damin the sense that
it is an earth dam on a pervious foundation. However, the underlying shale at
Cal anus Damis at such a great depth that it cannot be used as the base for a
cutoff wall as it was for Narrows Dam Early thinking on the project involved
the use of a slurry trench cutoff down to a pervious sandstone fromation. A
three-dinmensional finite element nodel (see figure B-26) was used to deternine
the effects of an enbankment toe drain, slurry trench under upstream bl anket
and/or relief wells at the downstreamtoe of the damon the seepage rates and
hydraulic gradients in the dam foundation. Time and expense in operating the
| arge three-dinensional finite el enent nodels made it necessary that priority
be given to studying the various design alternatives using the best estimte
of perneability for each foundation material rather than conducting sensitiv-
ity studies to establish the effect of varying the pernmeability (see para-
graph B-1). The three-dinensional finite element nmodels were five elenents
deep, with the bottomlayer of elenents representing the sandstone, the next

| ayer sand and gravel, recent alluvium interbedded fine sand, and dune sand

A detailed three-dimensional finite elenent nodel was made for the outlet
works area that defined nore of the design details, such as the filter bl anket
under the stilling basin and channel and water table elevation controls, to
study the effectiveness of relief wells around the stilling basin.

(7) Corps of Engineer dams. The finite elenent method was used by the

U S. Arny Engineer District, Huntington,(l) in a reanalysis of the underseep-
age at Bolivar Dam Chio, conpleted in 1938 on Sandy Creek (U S. Arny Engineer
District, Huntington 1977a). A two-dinensional finite el ement nmodel (see fig-
ure B-27) was used to determine the effects of an enbankment toe drain, up-
stream inpervious blanket, and proposed relief wells on seepage quantities
exit gradients, and uplift pressures. A sensitivity study was conducted using
the two-di nensional finite el enment model to determine the influence of various
pool and rock surface levels, the perneability ratio of foundation soils, the
existence of a downstream gravel layer, and the effective source of seepage
entry upon underseepage. Typical test results for one set of boundary condi-
tions and perneability values are given in figure B-28. Additional applica-
tions of the two-dinmensional finite element method to conduct sensitivity

anal ysis to assess the effect of perneability anisotropy and vari ous seepage
control neasures was given by Lefebvre and coworkers (Lefebvre, Part, and

(1) Work was performed by Soil Testing Services, Inc., Northbrook, Illinois.
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Tournier 1981). The finite element method was used by the U S. Arny Engineer

District, Huntington, () in a reanal ysis of the underseepage at Mhawk Dam
Chio, conpleted in 1937 on the Wl honding River (U S. Arny Engineer District,
Huntington 1979b). A three-dinensional finite elenent nodel (see figure B-29)
was used to study the cause of unusually high relief well flows. Typical test
results for one set of boundary conditions are given in figure B-30.

(1) Wrrk was performed by Soil Testing Services, Inc., Northbrook, IIlinois.
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APPENDI X C
ANALYSI' S OF PRESSURE | NJECTI ON TESTS (Ziegler 1976)

C 1. Water Pressure Tests

a. Water pressure tests are conducted by punping water into a borehole
at a constant pressure and neasuring the flow rate. Water enters the rock mass
along the entire length of borehole or along a test section (i.e., borehole
interval) sealed off by one or nore packers as shown in figure CG-1. The test
is rapid and sinmple to conduct and by conducting tests within intervals along
the entire length of borehole, a perneability profile can be obtained.

b. In most pressure tests the water injection pressure is limted to a
val ue which is not expected to produce an increase in the fracture width. An
increase in the fracture width will cause erroneously high flow rates result-
ing in higher perneabilities than actually exist. A comon criterion is to
limt the water injection pressure to 1 psi/ft of borehole depth above the
water table and 0.57 psi/ft of borehole depth below the water table. This
criterion results in a maxinum injection pressure |ess than the effective over-
burden pressure if the overburden has a unit weight greater than 144 |b/ft>.

¢c. The coefficient of perneability, based upon lanminar flow, is com
puted for a vertical test section with the follow ng assunptions:

(1) Mediumis honbgeneous and isotropic.

(2) Laminar flow governed by Darcy's |aw.

(3) Radial flow froma cylindrical and vertical borehole test section
length, & . Radial flow inplies that the equipotential surfaces form
cylinders symmetrical about the axis of the borehole test section.

(4) No inertia effects.

(5) Boundary conditions (fig. C2).

(a) A r =r, . H=H.

(b) At r=R , H=0.

VWer e

r = radial distance fromthe test section (L)

r, = radius of borehole (L)

H = excess pressure head (L)

H, = excess pressure head at the center of the test section (L) (either

measured within the test section, or conputed allowing for fric-
tional head l|osses within the drill pipe)

Cl
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R= radius of influence: radial distance from the test section
corresponding to a 100 percent loss in excess head, H, (L)
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Figure C-1. Typical water pressure test setups (prepared by VES)
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Figure C-2. Honpbgeneous isotropic material--radial flow
(prepared by VES)

d. Darcy's equation nmay be witten

dh
v ke i

wher e
v = flow velocity (L/T)
ke = |lam nar equivalent permeability (L/T)
dh/dr = hydraulic gradient in the radial flow system (L/L)
e. The volune flow rate fromthe borehole cavity is
Q=k A
wher e

Q = volume flow rate (L¥T)

G3
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A= area of an equipotential surface (L%

The area A in the radial

Thus

whi ch can be witten

and integrated

syste

mis
A = 2mrl
dh
Q = kezTTr:Q E{:
dr _ 2™ W an
r Q e
Q
r _ 2n2ke f
r Q H
o
=2l
R 2n ke
In o = Q H
o
2k H
e o

-Q = In (R/T)

The negative sign can be dropped by choosing fl ow away fromthe borehole as

positive, thus

and the perneability is

2nek H
Q=———Q—L
1n (R/ro)
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) Q In (R/ro)

k, = 2m7eH
o

(C2)

f. Before equation C-2 can be applied, however, the radius of influ-
ence, R, nust be determned or estimated. A rough estimate of R is nor-
mal |y adequate since large variations in R generally produce only smal

variations in the conputed perneability. In equation C-2 the perneability is
directly related to the term 1n (R'r,) . The rate of change of 1n (R'ro) ,
and thus perneability, decreases rapidly as R increases. This is illus-

trated by considering the analysis of a pressure test conducted in an NX-size
borehole. The increase in perneability, k, (based on equation G2), as R

is increased from1 ft to 10° ft is shown bel ow

Radi us of Influence, Equi val ent Perneability,

R . ft ke , ft/sec
1 K,
10 2.1 kg
100 3.2 ke
1,000 4.3 kg
10, 000 5.4 ke
100, 000 6.5 ki
1, 000, 000 7.5 k

o

Thus as R is increased from1l ft to 10° ft, the computed perneability
increases by less than one order of magnitude. To elimnate the arbitrary
choice of R as a source of error in the perneability calculation, it has
been suggested that during a pressure test, pressure in the surrounding nass
be observed in a nearby borehole. By changing the upper limts of integration
in equation C-1 to correspond to an arbitrary distance r , within the
boundaries r, to R (fig. CG2) the followi ng equations are devel oped

0

f dr ) 21r2,ke
r r Q
o]

0T = =
[a N
=gl

Integration yields

G5
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wher e H1 = excess pressure head at an arbitrary distance, r; , fromthe test

section (L) which can be witten as

~ Q ln(rl/ro)
e ZNZ(HO - Hl)

k (C-3)

g. The coefficient of perneability, based upon nonlinear or turbulent
flow, is computed for a vertical test section in a honmogeneous, isotropic
medium with the followi ng assunptions:

(1) Medium is honmpgeneous and i sotropic.

n (2) Nonlinear or turbulent flow governed by the M ssbach | aw
v = kéi)

(3) Radial flow fromcylindrical and vertical borehole test section of
length, & .

(4) No inertia effects.

(5) Boundary conditions (fig. C-2).
(a) AA r =1, , H=H .

(b) At r =R, H=0.

h. The M ssbach |aw nay be witten

wher e

degree of nonlinearity (generally between 1 and 2)

m

ké turbul ent equival ent perneability (L/T)"

Volume flow rate for radial flow from the cavity is
Q = 27rv

C-6
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and it follows that:

R -T
o

" = k! (210" (1 - m)< 1 )
l-m l1-m

Drop the negative sign by choosing flow away from the borehole as positive,
yi el ding

Q" (Rl—m _ rtl)—m)
kl -

= G4
e — (C4)

Equation C-4 can be rewitten as
, Al
H = E,Q (C-5)

C-7
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wher e

1\(1\"{ 1 lI-m _ _l-m
'1\2me I -m

et
=
o

The logarithnms of terms in equation G5 yield the equation of a straight |ine:

log H, = 109 E; + mlog Q

A plot of log H, versus log Qwll be a straight line with an arithmetic
sl ope equal to the degree of nonlinearity m.

i. The coefficient of permeability for laminar flowin fissures is
computed for a vertical test section with the follow ng assunptions:

(1) Vertical borehole test section of length 2 is intersected by an
arbitrary nunber of horizontal fissures.

(2) Fissures are constant aperture openings between snooth parall el
pl ates.

(3) Radial flow occurs within each fissure and is governed by Darcy's
law. No flow occurs in material between fissures.

(4) Each fissure has the sane equivalent parallel plate aperture, e .

(5) No inertia effects.

(6) Boundary conditions (fig. C3).

(a) At r =r1,, HH,

(b) At r = R , H=0.

j.  The derivation of equations G6 and C-7 proceeds in the sane fashion
as that given above for lamnar flow through a honpbgeneous isotropic medi um
(equations C-2 and C-3). For the fissured medium the test section |ength,

2 , is replaced by the quantity (ne) where n is the nunber of fissures

intersecting the test section and e is the equivalent parallel plate
aperture of each fissure. The resulting expression for the flowrate Qis

2mnek .H
qQ = —_Jo
1n (R/ro)
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PRESSURE HEADS WITHIN FISSURES

EQUIVALENT
PARALLEL PLATE APERTURE

PACKER

& BOREHOLE AXIS
Figure C3. Fissured-nmedium-radial flow (prepared by VES)

and the perneability of each fissure is

Q 1n (R/ro)
kj = T ZrneH (C6)
(o]
where Kk; = lanminar fissure permeability (L/T). The general expression for

J
excess pressure head H, at an arbitrary distancer,; between the boundaries
ro and R is given by

which can be witten as

Q In (rl/ro)

ky = Z (CG7)
j 21Tne(Ho Hl)
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From the theory of viscous flow between smoth parallel plates

(C-8)

wher e

unit weight of water (F/L3)

<
"

=
0

dynamic viscosity of water (%)
L

Equation C-8 is substituted into equation C-6 to solve for the equival ent
paral l el plate aperture, e :

e=]Q 1n (R/ro) (12uw> :

2 -rrnH0 Yy

k. The coefficient of perneability for nonlinear or turbulent flowin
fissures is conputed for a vertical test section with the follow ng
assunptions:

(1) Vertical borehole test section of length & intersected by an
arbitrary nunber of horizontal fissures.

(2) Fissures are constant aperture openings between snooth paralle
pl ates.

(3) Radial flow occurs within each fissure and is governed by the
M ssbach law (v™" = k'i). No flows occur in material between fissures.
|

(4) Each fissure has the sane equivalent parallel plate aperture, e .
(5) No inertial effects.

(6) Boundary conditions (fig. C3).

(a) At r =r,, H=H .

(b) At r=R, H=0.

1. The derivation of equation C9 proceeds in the same fashion as that

gi ven above for nonlinear flow through a honbgeneous isotropic nmedi um (equa-
tion CG4). For the fissured nedium the test section |ength, £, is replaced

G 10
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by the quantity ne where n is the nunber of fissures intersecting the test
section and e is the equivalent parallel plate aperture of each fissure.
The resulting equation for the turbulent fissure perneability is

Qm(Rl—m _ r1—m>

[¢]

ki = (C9)
3 (2wne)mH°(1 - m
wher e k‘j = turbulent fissure permeability (L/T)™ . Equation C-9 can be
rewitten as
- m -
H =EQ (G 10)

wher e

e (e ()

The logarithnms of terms in equation C- 10 yielded the equation of a straight
['ine:

log Ho = log E. + m log Q

2

A plot of log H, versus log Qwill be a straight line with an arithmetic

sl ope equal to the degree of nonlinearity, m.

CG2. Ar Pressure Tests.

a. Air pressure tests are conducted simlarly to water pressure tests,
with the essential difference being the replacement of water with air. The
use of air, however, requires that perneability equations be modified for
application to a conpressible fluid and a conversion nmust be nade fromair to
water perneability. To conpute the perneability, flow is assuned to be
| aminar and governed by Darcy's law. The material tested is assumed to be a
honbgeneous isotropic porous medium Darcy's law can be witten

v = ki

Gl
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v = flow velocity (L/T)

k = coefficient of perneability (L/T)

i = hydraulic gradient (L/L)

b. The coefficient of permeability, k , is dependent on properties of
the nmedium and fluid or gas. Since the test involves the flow of air and
perneability relating to the flow of water is desired, it is convenient to
solve for the intrinsic perneability, k , which is characteristic of the

medi um alone.  The coefficient of perneability and intrinsic perneability are
interrelated (Davis and Dew est 1966, and Muskat 1946). For the flow of water

kK = —2 (C-11)

wher e
ke = lam nar equivalent perneability (L/T)
Y, = unit weight of water (F/ L%)
T dynam c viscosity of water (%)

c. The conversion of intrinsic permeability neasured by an air test to
the water perneability can be in error due to differences in gas and fluid
flow phenomena i.e., the Klinkenberg Effect (Weks 1978), or alteration of the
material's physical properties caused by a chenical reaction with the fluid or
gas (Davis and Dew est 1966, and Lynch 1962). In sediments rich in clay
mnerals, water perneability calculated fromair neasurenents may be overesti-
mated by a factor of 100 (Davis and Dew est 1966). This overestination is
caused by a hydration of clays during waterflow which does not occur during
airflow  Test results should be applied with caution as nore experience and
studies are needed to determine the linitations of equation C 11.

d. Miskat (1946, p. 679) observed that the flow of inconpressible
liquids is easily nodified for application to the flow of a conpressible gas.
St eady-state solutions for anal yzing constant water pressure test results are
generally witten in the form

-9
ke-!Z,H [cl
o
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wher e

Q = volune flow rate (L¥T)

£ = length of test section (L)

excess pressure head at the center of the test section (L)

H,

The term [C] is dependent on assunmed flow and boundary conditions. The foll ow
ing equation is comonly used in analyzing water pressure test results.

In (R/r )
- 9 0
ke " fH 27 (C12)

wher e

R = radius of influence (L)

radi us of borehole (L)

lo

After solving for Q and converting to intrinsic perneability, k ,

equation C-12 becones
P
2meK 0
Q= < ) (C13)
M I:ln (R/ro):l

where P, = YwHo = excess pressure at the center of test section (F/L% the

equation (G 13) is based-on the assunption that:
(1) The nmediumis a honmbgeneous and isotropic porous continuum

(2) The flow enmitting froma cylindrical section of borehole is
| am nar, and governed by Darcy's equation.

(3) The flow pattern is ellipsoidal and symmetrical about the axis of
the borehole test section.

e. Equation C 13 can be nodified for analyzing air pressure test
results by making simlar assunptions and considering the fluid to be
conpressi bl e. Before nodification, equation C-13 nust be witten in terns of
absol ute pressures. The pressure, P, , equals the absolute pressure in the
test section, f’b , mnus atnospheric pressure, ?a . FEquation C-13 becones

C-13
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P -P
_ [278K b a
Q= < u, ) In (R/ro) (C14)

f. Equation CG14 is nodified to apply to the flow of gas by replacing
the pressure term (1—>b - ?a) by the expression

s =14
Yo (Pb _ 1:'a )

SR (C15)

wher e Y, is a constant at any point in the flow and defined as

Y_ - a constant (C16)
ﬁM

wher e

p = mass density (F-T?/L)/L®

g = acceleration due to gravity (L/ T?)
P = absolute pressure (F/L?%
Y = unit weight of gas (F/L%

and the exponent, M, determnes the thernodynamc nature of the expansion of
a gas as it mves from high- to lowpressure regions. The resulting equation
(equation G 18 below) is in terns of weight flow rate rather than volune flow
rate. Since gases are highly conpressible, the volume flow rate will vary
with pressure and tenperature along the flow path. However, the weight flow
rate can be assumed to remain constant. Weight flow rate, Qg , and volune
flowrate, Q, at any point in the flow are related by

Q=== (C-17)

Substitution of expression C-15 into equation C-14 (replace y, With p,)
yields the following expression for the weight flow rate of air:

G 14



EM 1110-2-1901

30 Sep 86
2maKY f,1+M _ §1+M)

Q.. = o\ b a (C18)
WF ua(l + M) 1n (R/ro)

wher e

Quwe = weight flow rate (F/T)

ua = dynamic viscosity of air (F T/L?

g. For convenience, the value of Mis assunmed equal to 1 which cor-
responds to isothermal expansion of an ideal gas as it moves from the borehole
through the nedium (for adiabatic expansion, M< 1). Since equation G16 is

valid at any point inthe flowand M+ 1 , Y, can be replaced by Yblﬁb
wher e Yy and Pb are the unit weight of air and absolute pressure in the
test section, respectively. By substituting M= 1 and yb/Pb in
equation G 18, the intrinsic perneability, k , can be expressed as

Q.\ ®, 1In (R/r ) P
k=<WF> a 0 b (C-19)

Yp me

h. Parameters used in equation C-19 are neasured or conputed from the
test data. The test section length, £, and radius of test section, r,,

are determined fromthe test setup. Standard atnospheric pressure, ?a ,
equal s 14.7 psi or 2,120 Ibg/ft% The absolute pressure in the test section,
Pb » IS equal to the gage pressure neasured in the test section, Py, plus
at nospheric pressure, Pa The dynamic viscosity of air, Y, , depends only
on the tenperature, and its variation is small over a large range of tenpera-
tures. For exanple, air viscosity increases from approximtely 0.035 x 10'5
to 0.045 x 10'5 | be-sec/ft? as tenperature increases fromO0 to 250° F. In
general, the dynamc viscosity of air can be assuned to equal 0.38 x

10° I be-sec/ft? which is the viscosity of air at 68° F.

i. The weight flow rate fromthe test section, Qg , 1is constant along
the flow path and can be deternmined at the manifold by applying equation C 17:

C-15
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Wr = Q'

where
Que = weight flow rate (F/T)
Q, = volune flowrate at the manifold (L% T)
Y, S unit weight of air at the manifold (F/ L%

The val ue of Y is related to the pressure and tenperature by the equation
of state (Vennard 1965):

1_)Ill
Y, =T
RT
g m
wher e

Yo = unit weight of air at the manifold (Ibgft?
f’m = absolute pressure at the manifold (Ibgft?
Ry = engineering gas constant for air (53.3 ft-1bg|bedegrees Rankine)
Tm = absolute tenperature at the manifold (degrees Rankine)

j. The unit weight of air in the test section,

Yy is also conputed
from the equation of state:

wher e sz absolute tenperature in test section (degrees Rankine). Al the

paraneters needed to conpute the intrinsic perneability, k , by equation C 19
have now been deternmned. The equivalent perneability applicable to the flow
of water, k., , is conputed by substitution of k into equation C 11 yielding

the followi ng general equation:
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wher e
ke = lam nar equivalent perneability (L/T)
Q,= volume flowrate at the manifold (L¥T)
2 = length of the test section (L)

Y = unit weight of water (F/L%

w
_ o : . [ FT
pa = dynamic viscosity of air (—5)
L
_ o , FT
u, = dynamic viscosity of water (7)
L
’T.‘b = absolute tenperature in test section (degrees Rankins)
13m = absolute pressure at the manifold (F/L?
'T’m = absolute tenperature at the manifold (degrees Rankins)
i;b = absol ute pressure in test section (F/L?
1_3a = atnospheric pressure (F/L?

R = radius of influence (L)
ro = radius of the borehole (L)

C-3. Pressure Holding Tests.

a. The pressure holding test, sonmetinmes called a pressure duration or
pressure drop test, is conducted by pressurizing the test section to a known
value, then stopping the water supply and observing the rate of pressure
decay. A pressure holding test is usually conducted in conjunction with a
water pressure test. For the conduct of the test, a pressure transducer
mounted in the test section is used to provide a continuous record of pressure
versus tine.

b. Tests in fissured rock can be analyzed through application of the

parallel plate analogy. The lanminar fissure perneability, k; , is related to
the pressure drop data by the expression

G 17
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r2 ln(Ho /Ho )ln(R/r )
0 1 2 0
kj = 7me (T (C20)
( drop)
wher e
r, = radius of borehole (L)
H = excess pressure head at the center of the test section at the
°1 initiation of a pressure drop test (L)
H = excess pressure head at the center of the test section at the

2 conpletion of a pressure drop test (L)

R = radius of influence (estimated) (L)

n = nunber of fissures intersecting the test section
tgrop = duration of the pressure drop test (T)

¢c. Equation G20 was derived by Maini (1971) based on the foll ow ng
assunptions.

(1) Radial flow occurs froma vertical test section and is governed by
Darcy's | aw.

(2) Fissure systemintersecting the test section is represented by hori -
zontal parallel plates of equal aperture and spacing

(3) Test zone is saturated. Maini (1971) suggests that before conduct-
ing tests in zones above the ground-water table, water be punped into the bore-
hole test section to saturate the fissure systemin the immediate vicinity of
t he borehol e

d. The equivalent parallel aperture, e , in equation C20 is unknown;
however, by parallel plate anal ogy

k, = (C21)

whi ch when substituted into equation G 20 yields

2 H H
e3 ) r 1n< ol/ oz)ln (R/ro)lzuw

2nYw (tdrop)

(C-22)
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The aperture, e , is conputed by equation C-22 and substituted into equa-
tion C21 to obtain the perneability k; . [If the test zone is nodeled as

a honogeneous isotropic porous nedium and assunptions (1) and (3) above are
valid, an expression for the |am nar equivalent perneability, k., is

obtained by replacing the quantity ne in equation G20 with the length of the
test section, & , to yield

2
) r ln(Hol/Hoz)ln(R/ro) (023
e zz(tdrop)

e. The pressure drop test is a suitable supplenent to the water pres-
sure test and possesses certain advantages. The pressure drop test is likely
to require a significantly smaller volune of water than that needed in a
constant pressure test. The savings in water can be inportant when conducting
tests in regions with a limted water supply. The measurenent of pressure in
the test section by an electric transducer allows the pressure drop test to be
conducted with low initial pressures regardless of the depth of the test
section, since the water level in the flow pipe only needs to be above the top
of the test section to initiate a test. The use of low initial pressures has
the additional advantage of reducing friction pressure losses during the con-
duct of a test.

G 19
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APPENDIX D
FILTER DESIGN

D-1. General. The objective of filters and drains used as seepage control
measures for embankments is to efficiently 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 suffi-
cient discharge capacity. For design,. these. three necessities are termed,
respectively, piping or stability requirement, permeability requirement, and
discharge capacity. This appendix will explain how these requirements are met
for cohesionless and cohesive materials, and provide general construction
guidance for installation of filters and drains. The terms filters and drains
are sometimes used interchangeably. Some definitions classify filters and
drains by function. In this case, filters must retain the protected soil and
have a permeability greater than the protected soil but do not need to have a
particular flow or drainage capacity since flow will be perpendicular to the
interface between the protected soil and filter. Drains, however, while meet-
ing the requirements of filters, must have an adequate discharge capacity
since drains collect seepage and conduct it to a discharge point or area. 1In
practice, the critical element is not definition, but recognition, by the
designer, when a drain must collect and conduct water. In this case the drain
must be properly designed for the expected flows. Where it is not possible to
meet the criteria of this appendix, the design must be cautiously done and
based on carefully controlled laboratory filter tests (Perry 1985).

D-2. Stability. Filters and drains‘Y allow seepage to move out of a pro-
tected soil more quickly than the seepage moves within the protected soil,
Thus, the filter material must be more open and have a larger grain size than
the protected soil. Seepage from the finer soil to the filter can cause move-
ment of the finer soil particles from the protected soil into and through the
filter. This movement will endanger the embankment.!?’ Destruction of the
protected soil structure may occur due to the loss of material. Alse, clog-
ging of the filter may occur causing loss of the filter’s ability to remove

L In paragraphs D-2 and D-3 the criteria apply to drains and fllters for
brevity, only the word filter will be used.

(2) In practice, it is normal for a small amount of protected soil to move
into the filter upon initiation of seepage. This action should quickly
stop and may not be observed when seepage first occurs. This is one
reason that initial operation of embankment seepage control measures
should be closely observed by qualified personnel.
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water from the protected soil. <Criteria developed by many years of experience
are used to design filters and drains which will prevent the movement of pro-
tected soil into the filter. This criterion, called piping or stability cri-
terion, is based on the grain-size relationship between the protected soil and
the filter. 1In the following, the small character "d" is used to represent
the grain size for the protected (or base) material and the large character
"D" the grain size for the filter material.

Determine filter gradation limits using the following steps:®

1. Determine the gradation curve (grain-size distribution) of the base soil
material. Use encugh samples to define the range of grain sizes for the base
soil or seoils and design the filter gradation based on the base seil that
requires the smallest D;q size.

2. Proceed te step 4 if the base soil contains no gravel (material larger
than No. 4 sieve)}.

3. Prepare adjusted gradation curves for base soils with particles larger
than the No. 4 (4.75 mm) sieve.

a. Obtain a correction factor by dividing 100 by the percent passing
the No. &4 {(4.75 mm) sieve.

b. Multiply the percentage passing each sieve size of the base soil
smaller than No. 4 (4.75 mm) by the correction factor from step 3a.

c. Plot these adjusted percentages to obtain a new gradatiom curve,

d. Use the adjusted curve to determine the percent passing the No. 200
{0.075 mm) sieve in step 4.

i Place the base soil in a category based on the percent passing the No.
200 (0.075 mm) sieve in accordance with Table D-1.

5. Determine the maximum D,; size for the filter in acceordance with
Table D-2. Note that the maximum D;5; is not required to be smaller than

0.20 mm.

&. To ensure sufficient permeability, set the minimum D5 greater than or
equal to 3 to 5 X maximum d,; of the base soil before regrading but no less

thar ¢.1 mm.

) Guide for Determining the Gradation of Sand and Gravel Filters, Soil
Mechanics Note No. 1, U.S. Department of Agriculture Soil Conservation
Services, Engineering Division, Jan 1%86.
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Table D-1. Categories of Base Soil Materials

Percent Finer Than the No. 200

Category (0.075 mm) Sieve
1 >85

2 40-85

3 15-39

4 <15

7. Set the maximum particle size at 3 in. (75 mm) and the maximum passing the
No. 200 (0.075 mm) sieve at 5 percent. The portion of the filter material
passing the No. 40 (0.425 mm) sieve must have a plasticity index (PI) of zero
when tested in accordance with EM 1110-2-1906, "Laboratory Soils Testing."

8. Design the filter limits within the maximum and minimum values determined
in steps 5, 6, and 7. Standard gradations may be used if desired. Plot the
limit values, and connect all the minimum and maximum polnts with straight
lines. To minimize segregation and related effects, filters should have rela-
tively uniform grain-size distribution curves, without "gap grading"--sharp
breaks in curvature indicating absence of certain particle sizes. This may
require setting limits that reduce the broadness of filters within the maximum
and minimum values determined. Sand filters with Dgy less than about 20 mm
generally do not need limitations on filter broadness to prevent segregation.
For coarser filters and gravel zones that serve both as filters and drains,
the ratio Dgy/D;y should decrease rapidly with increasing Dj; size. The limits
in Table D-3 are suggested for preventing segregation during construction of
these coarser filters,
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Table D-2. Criteria for Filters
Base Base Soil Description, and
Soil Percent Finer Than No. 200
Category (0.075 mm) Sieve (a) Filter Criteria (b)
1 Fine silts and clays; (¢} Dys = 9 X dgs
more than 85% finer
2 Sands, silts, clays, and D;s = 0.7 mm
silty and clayey sands;
40 to 85% finer
3 Silty and clayey sands (d), (e) Dys < [4O'A]
and gravels; +0-15
15 to 39% finer [(4 X dgs) = 0.7 mm) + 0.7 mm
4 Sands and gravels; less {(£) Dys =< 4 to 5 x dgs

than 15% finer

(a) Category designation for soil containing particles larger than 4.75 mm is
determined from a gradation curve of the base soil which has been adjusted
to 100% passing the No. 4 (4.75 mm) sieve.

(b) Filters are to have z maximum particle size of 3 in. (75 mm) and a maximum
of 5% passing the No. 200 (0.075 mm) sieve with the plasticity index (PI)
of the fines equal to zero. PI is determined on the material passing the
No. 40 (0.425 mm) sieve in accordance with EM 1110-2-1906, "Laboratory
Soils Testing." To ensure sufficient permeability, filters are to have a
D,s size equal to or greater than 4 X d;5 but no smaller than 0.1 mm.

(c) When 9 x dgs is less than 0.2 mm, use 0.2 mm.

(d) A = percent passing the No. 200 (C.075 mm) sieve after any reérading.
(e) When 4 x dyg; is less than 0.% mm, use 0.7 mm.

(f) In category 4, the Djg < 4 X dgs criterion should be used in the case of

filters beneath riprap subject to wave action and drains which may be
subject to vioclent surging and/or vibration.
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Table D-3. D;; and Dy Limits for Preventing Segregation

Minimum D4 Maximum Dgg
(mm) (mm}
<0.5 20

0.5 - 1.0 25
1.0 - 2.0 30
2.0 - 5.0 40
5.0 - 10 50
10 - 50 60

D-3. Permeability. The requirement that seepage move more quickly through
the filter than through the protected soil (called the permeability criterion)
is again met by a grain-size relationship criterion based on experience:

Permeability

15 percent size of filter material >3 to S (D-1)
‘15 percent of the protected soil - °

Permeability of a granular soil is roughly proportional to the square of the
10- to 1l5-percent size material. Thus, the permeability eriterion ensures
that filter materials have approximately 9 to 25 or more times the permeabil-
ity of the protected soil. Generally, a permeability ratio of at least 5 is
preferred; however, in the case of a wide band of uniform base material
gradations, a permeability ratio as low as 3 may be used with respect to the
maximum 15-percent size of the base material. There may be situations, par-
ticularly where the filter is not part of a drain, where the permeability of
the filter is not important. In those situations, this criterion may be
ignored.

D-4. Applicability. The previously given filter criteria in Table D-2 and
Equation D-1 are applicable for all soils {(cohesionless or cohesive soils)
including dispersive soils.'*’ However, laboratory filter tests for disper-
sive soils, very fine silt, and very fine cohesive soils with high plastic
limits are recommended.

() Sherard, J. L., L. P. Dunnigan, "Filters and Leakage Contreol in Embank-

ment Dams,” Proceeding of the Symposium on Seepage and Leakage from Dams
and Impoundments, ASCE National Convention, Denver, Colorado, 1985.
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D-5. Perforated Pipe.‘®’ The following criteria are applicable for prevent-
ing infiltration of filter material into perforated pipe, screens, etc.:

Minimum 50 percent size of filter materjal 1.0 (D-2)
hole diameter or slot width '

In many instances a filter material meeting the criteria given by Table D-2
and Equation D-1 relative to the material being drained is too fine to meet
the criteria given by Equation D-2. In these instances, multilayered or
"graded" filters are required. In a graded filter each layer meets the
requirements given by Table D-2 and Equation D-1 with respect to the pervious
layer with the final layer in which a collector pipe is bedded also meeting
the requirements given by Equation D-2. Graded filter systems may also be
needed when transitioning from fine to coarse materials in a zoned embankment
or where coarse material is required for improving the water-carrying capacity
of the system.

D-6. Gap-Graded Base. The preceding criteria cannot, in most instances, be
applied directly to protect severely gap- or skip-graded soils. In a gap-
graded soil such as that shown in Figure D-1, the coarse material simply
floats in the matrix of fines. Consequently, the scattered coarse particles
will not deter the migration of fines as they do in a well-graded material.
For such gap-graded soils, the filter should be designed to protect the fine
matrix rather than the total range of particle sizes. This is illustrated in
Figure D-1. The 85-percent size of the total sample is 5.2 mm. Considering
only the matrix material, the 85-percent size would be 0.1 mm resulting in a
much finer filter material being required. This procedure may also be fol-
lowed in some instances where the material being drained has a very wide range
of particle sizes (e.g., materials graded from coarse gravels to significant
percentages of silt or clay). For major structures such a design should be
checked with filter tests.

D-7. Gap-Graded Filter. A gap-graded filter material must mever be specified
or allowed since it will consist of either the coarse particles floating in
the finer material or the fine material having no stability within the voids
produced by the coarse material. In the former case the material may not be
permeable encugh to provide adequate drainage., The latter case 1s particu-
larly dangerous since piping of the protected material can easily occur
through the relatively large, loosely filled voids provided by the coarse
material.

(5} EM 1110-2-2300 states, "Collector pipe should not be placed within the
embankment, except at the downstream toe, because of the danger of
either breakage or separation of joints, resulting from fill placement
and compaction operations, or settlement, which might result in either

clogging and/or piping."

D-6



L-d

UR SIMOMD STV CPUMAC W ICHTS WA TN v USRS [ee——
) ' “ﬁ ! ' * t RN AT .
T [ 1 I'"]!f T _ﬁ“mﬂ'ﬁT T T}
HHHHAN L H —
P . - '\ .
ﬂu:“”‘h ti= Dy N Cus
TR HH
N
1 ” I IO | L wararc wareana
e
TOTAL MATERIAL 1~ M \ »
H N .

TV
/{f/
df
l

]
A4 " I W - L
»
- - — 1 O Y S
- Hi
" ] (]] (7] 1) [ Tt L1
GRAM SI2T N M Lmit TERY
| [ i o ]
[ o | e | o ] - 1 pren 1 W1 0% CLAT

FORCDNT ChmdedR BY WONT

Figure D-1. Analysis of gap-graded material (from EM 1110-2-1913)

1T 28ueyn

¢6 1dv o

1061-2-0111 W3



EM 1110-2-1901
30 Apr 93 -
Change 1 }

D-8. Broadly Graded Base. One of the more common soils used for embankment
dams is a broadly graded material with particle sizes ranging from clay sizes
to coarse gravels and including all intermediate sizes. These soils may be of
glacial, alluvial-colluvial, or weathered rock origin. As noted by Sherard,
since the 85-percent size of the soil is commonly on the order of 20 to 30 mm,
a direct application of the stability criteria D;5/dgs = 4 to 5 would allow
very coarse uniform gravel without sand sizes as a downstream filter, which
would not be satisfactory (Sherard 1979). The typical broadly graded soils
fall in Soil Category 2 in Table D-2 and require a sand or gravelly filter

with Dls = 0.7 mm.

D-9. Example of Graded Filter Design for Drain. Seldom, if ever, is a single
gradation curve representative of a given material. A material is generally
represented by a gradation band which encompasses all the individual gradation
curves. Likewise, the required gradation for the filter material is also
given as a band. The design of a graded filter which shows the application of
the filter criteria where the gradations are represented by bands is illus-
trated in Figure D-2. A typical two-layer filter for protecting an impervious
core of a dam is illustrated. The impervious core is a fat clay {(CH) with a
trace of sand which falls in Category 1 soil in Table D-2. The criterion

D;s < 9 X dgs 1s applied and a "point a" is established in Figure D-2. Filter
material graded within a band such as that shown for Filter A in Figure D-2 is f
acceptable based on the stability criteria. The fine limit of the band was :
arbitrarily drawn, and in this example, is intended to represent the gradation
of a readily available material. A check is then made to ensure that the
15-percent size of the fine limit of the filter material band (point b) is
equal to or greater than 3 to 5 times the 15-percent size of the coarse limit
of the drained material band (point c). Filter A has a minimum D)y size and a
maximum Dgy size such that, based on Table D-3, segregation during placement
can be prevented. Filter A meets both the stability and permeability require-
ments and is a suitable filter material for protecting the impervious core
material. The second filter, Filter B, usually is needed to transition from a
fine filter (Filter A} to coarse materials in a zoned embankment dam.

Filter B must meet the criteria given by Table D-2 with respect to Filter A.
For stability, the l5-percent size of the coarse limit of the gradation band
for the second filter (point d) cannot be greater than 4 to 5 times the
85-percent size of the fine limit of the gradation band for Filter-A

(point e). For permeability, the 15-percent size of the fipe limit (point f)
must be at least 3 to 5 times greater than the 15-percent size of the coarse
limit for Filter A (point a). With points d and f established, the fine and
coarse limits for Filter B may be established by drawing curves through the
points approximately parallel to the respective limits for Filter A. A check
is then made to see that the ratio of maximum Dgy/minimum D;; size of Filter B
is approximately in the range as indicated im Table D-3. A well-graded filter
which usually would not meet the requirements in Table D-3 may be used if
segregation can be controlled during placement. Figure D-2 is intended to
show only the principles of filter design. The design of thickness of a
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Figure D-2. TIllustration of the design of a graded filter
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filter for sufficient seepage discharge capacity is donme by applying Darcy's
Law, Q = kia, and one example is presented in Chapter 8 of the main text.

D-10. Construction. EM 1110-2-1911 and EM 1110-2-2300 provide guidance for
construction. Major concerns during construction include:

a. Prevention of contamination of drains and filters by runoff contain-
ing sediment, dust, construction traffic, and mixing with nearby fine-grained
materials during placement and compaction. Drain and filter material may be
kept at an elevation higher than the surrounding fine-grained materials during
construction to prevent contamination by sediment-carrying runoff.

b. Prevention of segregation, particularly well-graded filters, during
handling and placement.

c. Proper in-place density is usually required to be an average of
85-percent relative density with no area less than 80-percent relative
density. Granular materials containing little or no fines should be saturated
during compaction to prevent "bulking" (low density) which can result in
settlement when overburden materials are placed and the drain is subsequently

saturated by seepage flows.

d. Cradation should be monitored closely so that designed filter cri-
teria are met.

e. Thickness of layers should be monitored to ensure designed discharge
capacity and continuity of the filter.

Thus, quality control/assurance is very important during filter construction
because of the critical function of this relatively small part of the

embankment.

D-11. Monitoring. Monitoring of seepage quantity and quality (see Chapter 13
for method of monitoring seepage) once the filter is functioning is very
important to the safety of the embankment. An increase in seepage flow may be
due to a higher reservoir level or may be caused by cracking or piping. The
source of the additional seepage should be determined and action taken as
required (Chapters 12, 13, and 14). Decreases in seepage flows may also sig-
nal dangers such as clogging of the drain(s) with piped material, iron oxide,
calcareous material, and effects of remedial grouting. Again, the cause
should be determined and appropriate remedial measures taken., Drain outlets
should be kept free of sediment and vegetation. In cold climates, design or
majntenance measures should be taken to prevent clogging of drain outlets by

ice,
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