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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
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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.

9-3



EM 1110-2-1901
30 Sep 86

(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 )
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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. Cutoff Max.
Differencial Max. Head
Date Head Width Depth Cutoff
Project Location Owner Constructed Foundation Material Et ft ft Location  Width Reference
Soil-Bentonite Slurry Trench
Kennewick Levee, Columbla Ri{ver, Corps of Engineers 1952 Sandy or silty gravel with 15 6 22  Center of 2.5 Jones 1961
McNary Dam Wash. zones of open gravel dam
Wapapum Dam Columbia River, Public Utility 1962 Sandy gravels and gravelly 88 10 80 Center of 8.8 La Russo 1963
Wash. District 2, Grant 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 New Jersey Public 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 8 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 Dam Chattahoochie Corps of Engineers 1966 Upper stratum of alluvial 61 5 60 Upstream 12.2  U.S. Army
River, Ga. soil, alternating layers toe of dam Engr. Dist,
and Ala. of clay, silt, sand, and Savannah
gravel. Llower stratum of 1968, 1979
residual 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
Mill Site Ferron Creek, Soil Conservation 1969 Sandy gravel 73 8 68 Upstrram 9.1 Hanson 1972
Dam Utah Service toe ol dam
Plum Creek Plum Creek, Soil Conservation 1973 Sands, gravelly sands, 54 5 40 Center of 10.8 Knabach and
Dan Wis. Service silty gravels, silty sands dam Dingle 1974
Upper Big Upper Big Soil Conservation 1978 Sands and gravels 62 4 40 Center of 15.5 Bloom, Dynes,
Blue Dam Blue River, Service dam Glossett
Ind. 1979
Addicks Dac(®’ Buffalo Bayou, Corps of Engineers 1979 Silty sands 30 3 70 Varies 10.0 U.S. Army
Tex. Engr. Dist,
Barker Dam(®) Buffalo Bayou, Corps of Engineers 1979 Sandy clay, clayey sand, p23 3 55 Center of 8.0 Galveston
Tex. silty sand 1983 (same
for Barker Dam)
Cement-Bentonite Slurry Trench
Tilden Tilden Mine, Cleveland-Cliffs 1976 Sand interspersed with gravel 100(5) 2 80 Upstream 50.0 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
(Eormerly River, Aris. Tribe dam Salzman 1980
San Carlos -
Dan)

(a) Slurry trench cutoff installed as remedial seepage control for existing dam (see Chapter 12).
®) Planned maximum differential head when tailings dam is 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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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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—~ SLURRY LEVEL
(WOGKING PAD LEVEL

GROQUND =
WATER LEVELT) =

a. Slurry trench typical section

>
AN
/S

20° 30° 40°
p —
bh. Nomograph for slurry
trench stability
Figure 9-7. Deternmination of slurry

trench stability in cohesionless
soil (courtesy of National Research

Counci | of Canadale%
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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
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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
slurry

//
e

Pervious alluvium

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
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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
30 I T T ’ 1 ¥ T T T T T T T T T T
(4) PREMIUM GRADE BENTONITE SLURRY
X (5.7%CONCENTRATION BY WEIGHT)
X{4) VISCOSITY = 40 SEC—-MARSH
4
20l x (4) i
FORMATION TIME
@ (4) 4 HOURS
\x(e) X
(24)\XN
10 | X~ (24 8 HOURS -
S 29
X 24 HOURS 16 HOURS x(ls)
X(48) X(16)
o 1 1 1 L 1 1 Il 1 | - 1 1 1 1 1 1
o 20 40 60 80 100 120 140 160

CAKE FORMATION PRESSURE, ft. OF WATER

b. Relationship anong filter cake perneability, filter cake formation
pressure, and tine

Figure 9-9. Determination of filter cake permeability (courtesy of Anerican
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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Figure 9-11. Relationship between fines content and conpres-
sibility of a soil-bentonite slurry trench backfill (courtesy
of American Society of Civil Engineers'®)
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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
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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.
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Figure 9-14. Construction procedure for concrete cutoff wall at Wlf
Creek Dam Kentucky (courtesy of American Society of Gvil
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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)
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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).

9- 46



EM 1110-2-1901
30 Sep 86

H

STRAIGHT ARCH Z

a. Sections

4 T ‘5’/‘:‘/

ok
\
\ \\\\
YoF T
N

F 1.5
z ? 4
1
PR B = |
- z 15
A | EV’" . - ./
AL § =l 1
AR z.
<. .

h. Interlocking of sections

Figure 9-16. Steel sheetpiling installation (from U S. Arny Engineer
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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).
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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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i mperfect cutoffs (courtesy of Butterworths, Inc. )
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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b. Discontinuous upstream blanket, continuous aquifer

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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Figure 9-20. Effective lengths of upstream and downstream i nper-

. : 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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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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D
Seepage per unit length of da.m....Qs ‘kal f LT

3
Head beneath top stratum of x3
downstream toe of dam.............h0 = 157 x3
A fBCtOrieacescossscccssasnsssases C = F:L D
*p 2y
CASE 1, L3 = @
x, =&
3 c
h =h e °%
x (e}
(e = 2.718)
CASE 2, BLOCKED EXIT _ 1
x -
s _ . : X ] 3 c te.nhZcL 5
] 3 3
xl x | cosh-c(L, - x)
h . _ 3
h =nh
//0222? s N — x o cosh(éL3)
V//////////l[[[/ @HHHII[I[HTITIIIIIT[I/ 7
1
! 47 sz k'bL or h
v D ke ' L h = 0
: | 3 x=L cosh (cL.)
FITITTITITITI T I I 3 3
CASE 3, OPEN EXIT tanh(cL.)
s —*3— xy = =
1 t—Lp - t—x —o
c hx( sinh c(L_ - x)
7 Fatutungpaznsesay h, =h ih(3L)
: . — ZbL, k'bL s :t X e} 8ln C 3
! D f b~ L3 —
FYIXTITTVZTIITT V2777 T TT7 77T 7T 7772777727777 7777777 /////_/-L h = 0
=L3

NOTE: x, can be corputed from formulas for x by
inserting the length of upstream blanket L

in the appropriate exnressicn when upstream condltiogs
are similar to the acove dcwnstreer conditions.

Figure 9-26. Conputation of rate of discharge and pressure heads for seni-
pervious downstream top stratum and no relief wells (from U S. Arny

Engi neer \aterways Experiment Stationlzo)
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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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©C-——o0 o—»t—o -M—O—L_o o—of wells,
‘ 3 i la I a | ! | spacing=a
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a. Plan view of wells

Piezometric surface during pumping

Initial piezometric surface \\
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b. Section AA c. Section B-B

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.

of the wells is

h,. - h
H-h = D W
D a 1n
27L 2nr

(6)
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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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(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

9- 77



EM 1110-2-1901
30 Sep 86

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
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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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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.
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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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