)f LA ,@TGU AL '}_ O s PO g k.‘,l/—g'j’ T LDCa

CUNIVERSITY OF ALBERTA

GeoTecknicaL AsPecTs OF LineD RESERVOIRS

BY

~ GarTH EnvonD. PoWeLL

A Thesis
_submitted to the Faculty of Graduate Studies
‘and Research in Partial ‘Fulfillment of the
Requirements for the degree of- -

‘Master of Enginekring
. in
_Geotéchnical Engineering

Department of civil Engineering

Bendigo, Australia

_December, 1980



i

ACKNOWLEDGEMENTS

I would like to thank Dr, Morgenstern and Dr, Eisenstein for
suggesting the topic and the time taken in discussions on it. In

particular I would like to thank them for a very stimulating year,

This thesis was completed whilst on staff development leave from
Bendigo College of Advanced Education. Thelr assistance was greatly
appreciated. Mrs. M. Hamblin typed the indecipherable manuscript.

Thanks Margaret,



7 ]

Figure Title Page
Case History D

3.18 Typical Section of Reservoir 78

3.19 ‘Geological Cross-Section of Baldwin Hills Region 79

3.20 Subsidence Bowl, Baldwin Hills, 80

Al Models for Lagoon above a slope 84

A2 Phreatic surface in slope as a function of liner 85

permeability.



~ii-

LIST OF TABLES

Table Title Page
1.1 Flexible Liner Selection Guide 11
2,1 Classification of Embankment Materials - 29

Piping and Cracking liner materials

2.2 Permeability of Liner Materials 30



SYNOPSIS

Changing awareness of the environment has lead to a rapid
increase in the number of lined reservoirs being built. This report
examines the types of liners available and their suitability for
vafious applications, Failure modes, particularly of_a geotechnical
nature, are investigated critically and suitable design procedures

suggested, Finally, a number of failures are examined,



LINED RESERVOIRS

1.1 Introduction

Lined reservoirs and canals have been used since the earliest
times as a means of reducing seepage losses through the foundation
material. It is believed that clay liners were used for canals in
Egypt up to 2500 years BC, and both bitumen and cement lined cisterns
still exist dating back to 800 BC (Singer et al 1954).

-Water supply still provides one of the major demands for lined
reservoirs. Local holding and settling reservoirs are commonly used
in water distribution schemes. Pumped storage schemes require
reservoirs at elevated locations, generally high up on hills, These
1ocaFiDns are usualiy unsuitable for retaining water due to high
permeabilities and so lined reservoirs are often employeé.

In recent years the effect on the environment of uncontrolled
aischarge into the ground water has been increasingly recognised.
Excess discharge may cause substantial rises in the water table leading
to instability in neighbouring regiongs, or the spoiling of agricultural
land through water logging or salt deposition. Pollutants present in
the discharge water can prevent the use of ground watef for domestic,
agricultural or industrial use. Discharge of such pollutants is
commonly governed by government regulation and oﬁfenders are liable
to prosecution, This has led to the development of "zero discharge"
reservoirs. ‘Pypical materials stored in such reserveoirs include oil,

uranium mill tailings, chemical waste, sewage brine.



1.2 Liner Selection

A large number of different materials have been used successfully
to line reservoirs, dams and canals. The choice of a particular liner
system will be governed by the environment in which it will have to
operate. The critical factors to be considered can be broadly classified
as i) Resafvoir design and subgrade conditions.

ii) Material to be retained in the reservoir.
iii) Exposure to potentially damaging conditions e.9. weather, light,

The material contained by the reservoir may contain a large variety
of waste types and concentrates. No attempt can be made here to list the
various types or to explain in detail their effect on the various liners.
The more important properties of the waste such as acidity and oiliness,
which may effect ﬁhe particular liners are outlined in Section 1.3,

A number of liners regquire no cover to prevent ageing or weathering.
These include most of the cement, asphalt, asphalt—cement combinations,
Clay liners are subject to weathering, as outlined in Section 2.2.l.
Several of the recently developed synthetic liners may be used without
cover, However some synthetics deteriorate with prolonged exposure to
ultraviolet light (ref Table 1l.1). If other means of mechanical damage
may occur, such as ice movement or seam tearing, a soil cover may be
required.

The regervoir design and the subgrade conditions will to a
large extent determine the type of failure modes which are likely to
occur, Failure modes are outlined in Section 2 for the varicus
categories of liner type. Some specific points to ke borne in mind
in selecting liners are the internal slope steepness; the compaction

- ~
and preparation of subgrade material and the contact between the liner
and pipes etc. which perforate the liner, Soil liners may be placed

compacted on slopes of up to 3 : 1 {U.S5. Bureau of Reclaimation 1263)}.

ice,



Unreinforced synthetic liners should be avoided on slopes greater
than 1.5 + 1. Reinforced synthetic liners can be used on most stable
slopes (Owen 1976).

The care with which the subgrade needs to be prepared depends
primarily on the flexibility of the proposed liner. Generally, compaction
and the clearing of starpor rigid objects from the surface on which the
liner will rest will decrease the risk of subgraée induced failure,
These failure types are outlined in Section 2.4.1.

The cost of liners needs also to be borne in mind. The costs
of the synthetic liner types has been decreasing over the last decade
to make them competitive with compacted soil liners. A cost comparison

from Kays {(1977), iz given in Figure 1,1.



1.3 Liner Types

The number of liner types to be congidered whén selecting to
meet specific ériteria seems endless. The following discussion briefly
outlines the more common types of liner material, including a description
of their limiting properties for reserveoir waste ponds.

The failure modes for the liner types depends primarily on
the rigidity of the liner material. Hence the materials will be examined
-in the following groups — the earth liners, flexible liners and rigid
liners. These same gorupings are used to look at failure modes in

Section 2. A summary of properties is given in Table 1.1.

1.3.1 The Barth Liners
Naturally cccuring soils may be used directly or in combination

with various admixtures to form seals for reservoirs,

a) Compacted Soils : The fine grained soils (Unified Soil Classification
| GW, GC, 8W, 8C, CL and CH) when compacted at a suitable water content
can provide a sound liner. The soils should be compacted near, or
preferably above the optimum moisture content, Mitchell et al (1.965)
show that the minimum permeability normally occurs just wet of optimum,
gnd does not change markedly at moisture contenté above that.
However small changes in meoisture content below optimum can change
the magnitude of the soil permeability by up to two orders of
magnitude, The greater the compactive effort, the lower the
resulting permeability will be, The flexibility of the final
s0il layer also depends primarily on the compaction moisture
content, as out}ineé in Section 2.3.2, The ability ogha clay
to seal a reservoir is due primarily to the fact that Ehe clay
platelets will adsorb water and swell. The expanding clay fills
the soil's voids and yields permeabilities as low as 10_7 cm/sec.
(Rayé 1977}, If the material storgd in the reservoir contains a

high cation content, exchange of the sodium ions in the clay may

occur. This will reduce the swelling potential of the clay,
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Perhaps to such an extent as to render it useless as a sealant.

Other problems with soil liners are elaborated in section 2.

S0il Sealants

S50il sealants may be natural or synthetic, and are designed to

mix with existing s6il and through reaction with the soil,

i)

ii)

decrease its permeability.

Bentonite Sealant:

Bentonite may be added to én existing soil either by

direct application to the surface of the scil followed

by harrowing in of the powder or slurry, or by washing into
the goil of bentonite which has been spread over the water
surfééeo The different sealing methods have been compared
by Rollins and Dylla (1970). It was found that a layer of
bentonite buried under a soil layer was most effective as
this decreased the efféct of the wetting and drying cycles
on the seal,

The bentonite must be retained by the soil, and so this
method can only be used on the finer granular soils and
silts, The plastic nature of the bentonite allows "self
healing" to occur by the washing in of clay particles to
damaged zones. It is usual practice to renew the bentonite
seal, using approximately one tenth of the corginal dose,
each year (Kays 1977).

Sodium montmorillonite is particularly susceptible to cation
exchange. The American Colloid Company has developed a number

of products that resist the effect of leachants,

Tailings Slimes:

Mill or mine tailings finer than two microns can be used to
seal a reservoir in a similar manner to bentonitic clays.

Permeabilities in the range 10“4 to 10-6 cm/sec have been

recorded by Mittal and Morgenstern (1976).




iii) Chemical Sealants:

Chemicals have been used primarily to increase soil stability.
and/or bearing capacity, with a resultant‘lower porosity and
hence permeability. Some attempts have been made to use
factory by-products to seal reservoirs. These include the
use of sbdium rich fluid to replace calcium ions in clays

and hence increase swelling potentiai. Other chemicals may

be suitable for particular soll types.

1.3.2 Rigid Liners

There has been considerable experience and success with the
rigid liner types, including steel, concrete, gunite, asphaltic concrete
and soil cement. Theyhave been used to line rockfill, and earth and
rockfill dams, for irrigation canals and for reservoirs. They are
ammenable to tight guality control and are subject to relatively few
failure modes. However, the price of these materials and the labour
content in their construction normally makes them uneconomical choices.
i) Concrete:
Reinforced or unreinforced concrete may be used as a
reservoir liner. Unreinforced concrete is particularly
susceptible to cracking due to subgrade movements,
Cracking between panels can be minimised by using narrower
panels, usually 20 - 30' width. It ié not suitable for acid
environments,
ii) Steel:
The main advantage of steel as a liner is its structured
strength which provides additicnal safety to a cggtical
installation, The cost is usually prohibitive,
iii) Gunite:
"Airblown coﬁcrete placed directly on the surface to be lined

gives a low permeability, brittle liner, Cracks can form

readily with any differential movements, More tensile



strength can be obtained by spraying the gunite over meshes
of steel or fabric., Gunite is normally used in conjunction
with other liner types to provide an improved seal.

iv) Asphaltic concrete:

Asphalt concrete is the conventional asphalt concrete used

for road paving. The equipment and techniques for placement

are readily avéilable. It is more flexible than concrete, but

still cannot tolerate appreciable movements. The field permeability

can vary widely depending on placement technique, and inhomo-

geneities can cause appreciable leakage in thin liners. It is

commorily used as an erosion protection barrier over soil liners.
v} 80il Cement:

Soil Cement is produced by mixing portland cement with insitu

s0il and adding water and compacting. For low permeabilities

to be achﬁeved fine grained soils must be used., The main

advantages of this mix are its increased erosion resistance

and jmproved aging properties,

1.3.3 Flcoxible Liners

Continuous flexible membranes, made from plastics and rubbers are
widely used to provide very low leakage reservoirs, The cost of these
products has been decreasing rapidly over the lasﬁ decade, and they are
now in common usage,

The large range of possible combinations of compounding ingredients,
such as pigments, accelerators and antioxidants, together with the variation
in production technigues mean that liner properties may vary.gonsiderably
Generally the liner material is produced in rolls ué to 1.8m in width
by calendering. Reinforcement fabric may be introduced to form three or

five ply sheets. Unreinforced liners may also be produced and laminated to

reduce the possibility of pinholes in the finished product,



These sheets may then be Jjoined either in the field or factory
by seaming. The overall strength and effectiverpss of the finished liner
depends heavily on the quality of the seals. There are four commen
seaming technigues, and it is important to choose the correct method for
a particular liner material. Dielectric or radio frequency seaming uses
a high wattage radio frequeﬁcy to generate heat, camusing the material to
become thermoplastic and flow together; Similarly heating elements may
be applied to the material to form the seam. Solvents to attack the
inner surfaces of the overlapping liner sheets may be applied to produce
the seam. Finally, adhesives of the cold setting or two component type
may be used.

The more commonly used types of materials are listed below with
their more important properties.

a) Plastic materials

Plastic materials have been in existance longer than other materials
and atcount for the greatest percentage of modern liner systems,

i) Polyvinyl Chloride (PVC)

A resin iz mixed with a "plasticizer" which will vary depending

upon the application and expected life of the liner, It is the

loss of this plasticizer through water extraction and heat

volatilization which gives PVC its poor ageing characteristic,

The loss of plasticiser «causes stiffening, lower tear resistance

and some shrinkage., Field seaming-is usually achieved using“
adhesives, while shop fabrication uses frequency seaming to

produce wide sheets. N

ii) Polyethelene (PE)

PE is a high molecular weight wak, No plasticiser is used to
produce PE, and it is made directly into a film by an entrusion
process. PE is readily shaped, has a low permeability, and is

cheap. However it is very susceptible to ultraviolet light,
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and requires a substantial cover to protect it from ageing,
and to help prevent float up of the thin material.

iii) Chlorinated Polyethelene (CPE)

Produced by Dow Chemicals, this thermoplastic liner has better
flexibility and ageing characteristics than PVC or PE, It is
seamed using solvents, and is produced in a reinforced form.
Aromatic compcunds can cause swelling and effect the seams.

iv) Hypalcn:
Hypalon is a chlorosulfonated polyethelene produced by DuPont,
With time it slowly vulcanises to an elastomeric material.
This slow curing gives it excellent weathering and ageing
properﬁies. It is algo registant to a wide variety of
corrogives and chemicals. Shrinkage is a probiem in unlaminated

sheets, and seaming ig relatively difficult.

Elagstomers:

Synthetic rubbers, produced by vulcanising copolymers, include
butyl rubber, ethylene ~ propvlene rubber, elasticised polyolefin.
Very low permeabilities are achieved in thesge mate;ials becausz
of the tight molecular structure. This structure makes the

materials difficult to seam as solvents have trouble penetrating.

The elastic properties of fhe rubbers allow them to remain flexible

over a wide range of temperatures. The original products were
susceptible to ozone attack, and had poor resistance to hydro—

carbons and aromatic chemicals; These deficieﬁcies have been

remedied to some extent in later products. Generally thé\cost is higher

than the plastics.



FIGURE 1,1

-] G

: Cost comparison for liners

G.10

In—place cost — {$/sq fr)

0.20 0230 ¢40 050 060 000 076 0.80 1.00 1.20

1.10

1.30

1.40

1.50

1.60

1.70

Potyethytene

PVC

e

Butyl, EPDM, EPT

Reinforced butyl, EPDM i

Hypalon
Neoprene
Concrete

Sieel

Asphalt panels
Gunite

Asphalt Concrete
CPE

Compacted clay
Soil cement
Bentonite

Waterborne treatment

 ——

Loet 44 e Il

—

B 9 10 11 12 13 14
In—place cost - {§/sq m)

Py -
[~
£
L)
o
-~

Cost comparison for linings in the United States.

(Kays 1979)
\

19



TABLE 1.1
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:+ Flexible Liner Selection Guide

Pulyethylans

Palyyinyl Chlorinated Poly - Batyl Natueal
o Peoperty Low Density ngh Density Chlorida Patyeihylens propyfens - Nylan Rubber Rubiber Hypalon
Speaific yravay 0.92-094 091096 12015 135039 9909 1.08-1.4 092125 091123 -
Fenphy.stiength, pss, £300-2500 24004800  3500-10000  L,BOOmin.  4,000-32,000 9,000.11000 10004800 1000-3500 L0657y
Etongatian, % Ho-B30 10650 66-200 375575 40400 250-55Q
Shase "A" hardans 1550 20-198 £5.45
Operating tempuratusa
tange, F. -0 10 180 =700 240 —60 1o 200 ~40 10 200 -§0 1w 220 --G0 12 380 ~5010 328 ~7010 250 —~45c 3y
Resstance to acids PG T G G-E G-E G-E P G
Resistance ta bases GE .G-E GE G-£ G-E E G-E
Hesistance to oxygenaicd
sofvents PG PG G [ 2 . ’ - G
Ressstanie 10 aromatic :
and healogenated solvents F F G # G G P P F
Resistancy (o aliphate )
{petroleum) salvents P F-G G G G E P o G
Water vapor parmeabydity,
perm mils 314 1.8-2.2 318 0.040-0.048 0251 0.09-1.0 0.35 20
Weathecability I . P G E ¢ F G F 3
Time ta crack, hr, 900 300 No crack till No effect 160 1,200 .
2,500 hr, 1w 4,000 hr. . . ‘
Tune to chalk, hr, Mo effeer il 600 300 itto 6040 Mo efiect till
2,800 hr, 2,500 he. c
Time 10 fade, I, 300 6o j{als] Ditta 904 200 }
NOTE: Data not thown were vnavaitalie 10 the authors, P = Poar, F = Fair, G = Good, E = Excallent
ASTM test methods o7 various prapeyis: speaific gravity, ©751; tensile sirength, DI7.617T;
vlongation, DA12-6171 or DEB2; Share "A™ hardness, 3676-59 7T, water vapur pérnieability, EQG-G6,
{a) Properties of Commonly Used Lining Materials.
(Kumar and Hedlucka 1973)
i )F“-‘ 0[ 1 mmg
buhst mee l E lhi: lims P\”C Bu:)l Rubi)u \fL()i)ILHC -\51)1].11[ l’dnds A:.p}uh (,on(tu{: (,(mucu, ‘>lgcl CPryY 3t
\\ullu Ok Ok ()E\ O!\ OK OK Ol{ OK Cr Ok Ok
Animuls oils OK* OK ST OK OK 8] Q NR OK OK Ok
Petrolewm oils - OK* Q) NR N S5wW NR NR Ok OR OK Ok
{no aromaties)
Bomestic sewage OK OK OK OK OK OK OK OK OK OK OK
Salt solutions OK 0K OK OK OKR OK Q NR NR OK  OK
Base solutons OK OK OK Ok OK OK OK Q Ok Ok OK
Mitd acids Ok OK OK OK OK OK OK NR NR Ok OK
‘Oxidizing acidds NR NR NR NR Q NR NR NR NR NR NI
Brine OK Ok OK OK OK OK OK Q NR OKR OK
Petroleun oils Q NR NR NR NR NR NR Ok OK NR NR

(d! QnGc 3)

‘Oh = gcnu.nll) :;.nm!dum) (,_ = quumm :i)iL ’\R = ot wunnmcndul St = m[[en:, S\\ = awd!s, CP =
subgcslul

& uhu(m pmtumm

s lcu)mnundul that immersion tests be ran o any lining being {(msuhu(l for use in an environment where a question exists
concerning its longevity, Consult the lining manufacturer or an experienced testing luboratory when in doubt,
FMust be w one picce fining. "N

(b}

Liner Resistance to common pollutants

{Kays 1977}
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CHAPTER 2 -~ GEOTECHNICAL CONSIDERATIONS

2,1 Effects of seepage from a lined reservoir.

A major concern for designers of a lined reservoir is the leakage
of fluid from the storage. The leakage may occur through the intact liner
as in the case of a clay lined reservoir, or through a damaged or impared
"impermeable" liner.

The leakage will affect both the reservoir itself and the
environment, ‘The position of the phreatic surface in the reservoir walls,
and beneath the reservoir may govern thelstability of the structure. Locally,
the leakage will affect the height of the ground water table, and the
reservoir ;ocation in the natural hydrogeclogical environment will affect

the dispersion and distribution of pollutants present in the leaking fluid.

2.1.1 Local Effects @

The general sequence of seepage events following filling of a
reéervoir is;

i) A wetting front will progress through the liner and underlying
partially saturated soil.

ii) When the wetting front contacts either an impe;meable stratum or
the ground water table, a mound will develop and rise towards the
reservoir,

iii} If the mound contacts the reservoir, saturated seepage will occur

through a mound whose height is fixed by the reservoir level,

A detailed mathematical analysis of this sequence of events has been

outlined by McWhorter and Nelson (1979) for the case of a tailinbs dam in

which the depth of tailings and slime is increasing with time. Kisch (1959)

examines a similar situation, but with a constant thickness of liner material.
~ The major conclusions of these studies are that the discharge through a
partially saturated liner and foundation material depends to only a very

minor extent on the unsaturated characteristics of these materials., For
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most geometries the liner is effectively saturated after a relatively
short time, and then the discharge from the reservoir is governed by
this permeability and the head of £luid in the reservoir. The foundation
material does not significantly effect the rate of discharge unless it
is v;ry fine with a permeability less than or egual to Fhe discharge
from the liner. This is not normally the case as if the foundation
material were this impermeable, a liner would probably not be required.
Once the wetting front has reached an impermeable layer or the
phreatic surface the mound beging to develop, Duriﬁg this stage the
seepage rate will be constant and indgrendent of the depth to the aguifer or
impermeable layer; The shape ©of the mound can be determined using
Dupuit's assumption (Harr 1962) and the time rate of devélopment of the
mognd is given by McWorter and Nelson (19795. A finite element study
of this has been done by Freeze (1972). |
If the mound reaches the reserveoir level before steady state
is established, then lateral spreading'of the mound will occur. The
resistance to lateral spreading in the foundation material will have a
significant influence on the reservoir leakage, 1Initially an increase
in pore water pressure at the interface between the foundation and
liner will cause reduced leakage, With time, leakage will decrease
to " a r#te controlled entirely by lateral flow in the foundation. This
case can be analysed using standard technigues for determination of a

flow net in a solil,

2.1.2 Regional Effects :

b

N
The main concern on a regional basis is the movement of

pellutants from the holding reservoir into the surrounding environment.
Pollutants move through a subsurface flow gsystem by a complex

interaction of four processes : convention, dispersion, melecular
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diffusion and hydrogeochemical reétardation. The primary mechanism is
convection, where the pollutants travel with the car?ier fluid. The

rate of travel.will be affected by the retarding effect of hydrogeo-

chemical interaction between the soil and the polluted fluid, and the
spreading of the pollutant front by dispersion. Molecular diffusion

is unimportant when compared with dispersion.

The use cof tailings dams, ponds and lagoons for storage of
uranimum and dther long term toxic wastes which may be leaked into
the hydrosphere has %eant that accurate estimates of the time before
these wastes reappear in wells, springs or streams have been reguired.
The final selection of a site for long term toxic wastes will depend
on a number of criteria (Williams 1979} but primarily on the hydro-~
geOIAgic conditions,

Cherry et al (1973) suggest the following criteria
(é) land should be devoid of surface water
(b} the water table should be several meters below ground surface,

and such that large fluctuations are unlikely.
{c) the time to reappearance of water contaminated by the site

should be sufficiently great,

The time taken before the pollutant reappears at the soil
surface depends primarily on thé hydrogeological conditions.
. Freeze (1972) used computer simulation to examine the steady state
regional flow through a ground water basin, The geclcgical medel
used is shown in Figure 2.1. Flow was considered in the unsaturated
and saturated zones of the soil. The heavy arrows outline the flow
paths originating from several points on the surface, represégting

locations of proposed waste lagoons or similar. The hydrogeological

data for each site is given in Figure2.l
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The flow pattern is strongly influenced by the geological
configuration. Relatively minor changes in the location of the waste
lagoons means significantly different flow paths and travel times
since flow is concentrated in the high permeability layers. For
example, the flow path originating at V is one of the shortest paths,
but has one of the longest times of travel, as the flow path is
entirely in the low permeability material. Paths from ¥ and Z are
similar in length, but the time of travel from Z is approximately
half that from Y, since it is predominately in the high permeability

soil.

2,2 Factors affecting liner permeability -~ Earth Liners

Earth liners placed under controlled conditions may have
their permeability reduced with time by two main processes., These
are the washing of fine material from the liner by the seeping water,
or the breaking of the placed structure of the soil by weathering.
The latter process could be expected to act over a lafge area of the
reservoir, whilst the former is more likely to occur at isclated points,

determined primarily by preferred seepage paths.

2.2.1 Weathering 3

There has been considerable work done on the weathering of
rock (Ollier 1969), but relatively little has been published on the
weathering of an intact soil strata. Most of the processes at work
in rock weathering are significant only over pericds longer Ehan the
design life of most lined reservoirs. Physical weathering of a soil
liner is the major factor and is mainly due to either the over-

consolidation of the upper layvers by dessication, or crystal growth
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such as ice lensing., Chemical and biotic weathering would normally
be insignificant.

2.2.2 Wetting and Drving Cvcles

On exposure to the air of a compacted liner the upper layers
start to dry. The negative pore water pressures set up by this dessication
cause overconsolidaggbn, and the development of tensile stresses at the
surface. Cracks and fissures result leaving intact nugéets cor blocks
of ‘overconsolidated material between them. BAs the cycle of wetting and
drying continues, the soil will swell and shrink, but during swelling it
will not return to its original volume and the pattern of cracks and
fissures becomes well established.

This type of behaviour can be observed in surface cracking in
any arid or semi-arid climate. However information on the rate of
developrnent of a system of cracks, and the consequence change in strata
perﬁeability is difficult to obtain. Kjarténson (1978) studied first
time slides in a road cutting in intact clay. There was sufficient
étrength reduction within four years to initiate some slides, and as
this strength reduction was due to the formation of a blocky structure
presumably the permeability was considerably altered in the same period,
Rollins and Dylla {1970) ran a series of full scale tests to determine
the effectiveness of bentonite sealing of reservoirs., The geals were
found to be ineffective generally after two to thfee cycles of wetting
and drying, losing two orders of magnitude of permeability in this time.
It should be noted that other effacts such as ice formation and leaching
which may have been at work were not separated from the effects of
dessication. f\

This type of deterioration can only take place over a wide
area if the reseréoir level is subject to fluctuations. A constant

level reservoir will be subject to deterioration only near the full

supply level,
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2.2.3 Freeze—thaw cycles

Frost action can also produce overconsolidation and cracking
of soils. The increase in volume upon freezing can split the soil,
and water will be drawn from the soil adjacent to the ice lense to
enlarge the size of the lense (Mackay 1974). Soils with high activity
and ﬁigh meisture contents appear more susceptible to ice lense formation
{Michel 1978). Kjartanson (1978) quotes a case where a reticulate ice
vein network with veins up to five millimeters thick was noted to a
depth of 2.5 metres in an unprotected impervious plastic core after one
winter, Such a network formed in a liner would have a major effect on
its water tightness.

Attemptéxhave been made by Geomorphologists to classify the
effect of climatic regimes on the weathering of rock. Peltier (1950)
relates rainfall and annual mean teméeraturé to chemical and frost
wéathering. Similar relationships probably-exist for weathering of

soil, and such a formulation would be of use in choice of liner type.

2,2.4 Expansive Soil

An expansive soil used as a liner will suffer a reduction in
permeability in the upper layers due to swelling, For an unblanketted
liner, Kisch (1959) suggests that the upper 70% of.the liner is
ineffective. This percentage may be reduced by using a blanket over
the expansive clay liner to provide an overburden pressure and hence

reduce swelling.

2.2.5 Removal of Fine Grained Soils

In natural soils there is an accumulation of colloidil clay
particles in the B-horizon, It is believed (Thornbury 1969} that
these particles are removed in suspension by decending soil water.
However, the rate of such leaching is normally slow, and significant

leaching to sub-base s0ils would not be expected in the economic life

of most water retaining structures.



At engineering time scales flow can occur directly on most
non-dispersive clays with no appreciable erosion, Sherard et al (1976)
showed that velocities of up to 5 to 10 ft/s could be maintained for
hundreds cof hours through nondispersive clay samples, and quotes examples
of constant discharge leaks through homogeneous clay dams existing for.

decades. However there are a number of soil types which are susceptible

to erosion. The most notable of these are the dispersive soils.

2.2,5,1 Dispersive Clays

Considerable work has been done on uncompacted low head homogeneous
farm dams in Australia {Aitchison et al (1963), Aitchison and Wood (1965)
and Rallings (1966)). They found that clays with a high percentage of
exchangable sodiuﬁ ;étiOns are susceptible to erosion along preferred
seepage paths, particularly if the reservoir water has a low content
of sclube salts.

The erosion or pining of these clays is due to dispersion.
The exchangable sodium cations increase the thickness of the diffuse
double layer, and increase the repulsive force between clay platelets.
This ogcurs for all clay types, but the effect is more pronounced for
the smectite group. Aas a congequence of the reduced interplate bond,
running water can detach individual particles., At low flow velocities,
the clay around the flow channel swells and progressively seals the
leak. However if the initial velocity is sufficiéntly rapid, the
dispersed clay particles are carried out.

The effect is not limited .to uncompacted fills. Landon and
Altschaeff {1976) showed that in addition to soil type and water content

~

composition, the compaction water content was of primary impottance.
The interaction of all the above factors must be considered in determining
the erodability of a soil. Soils compacted dry of optimum tend to have a

more porous structure due to aggregation of the clay. These large pores
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appear to a contributing factor in making soils dry of optimum more
susceptible than those compacted wet of optimum,

There is still debate on which laboratory tests to use to
determine the susceptibility of a soil to dispersion. The original
test introduced was the Crumb Test (Réllings 1966). However the most
commonly accepted one now is the Pin Hole Test, in which water is
allowed to pass through a prepared hole in a specimen and the extent
of erosion noted. Sherard and DRecker fl976) suggest that both the
above be done, together with a test of dissolved salts in the reservoir
water and the Soil Conservation Service Dispersive Test (Decker and
Punnigan 1976). A positive result to any of these is to be regarded

as indicative of a dispersive clay.

2.2.5.2 Other Susceptible Soils

Failure by piping has been noted-in fine grained soils which
are not dispersive, but which have a flat grading curve extending over
the range of clays, silts and sands., The Balderhead dam (Vaughan et al
lé?O} and the Yards Creek Upper Reservoir Dam (Sherard 1973) both had
gravelly clay cores. 8Small concentrated leaks are believed to have
lead to washing of the fines out of the cores; the grading of the céres
being too flat to retain the fines on the granular matrix. The clay
fraction in the above cases did not have sufficieqt-swell potential to
seal the cracks,

The above clays are prégumably of a_different minerological
composition to the usual dispergive clays, and cannot be recognised by
chemical tests. However it is interesting that both gave reagings up
to 50% on the Soil Conservation Service Dispersion Test (Shefé}d et al
1972).

Inorganic silt and fine silty sandsvare highly susceptible
to piping, but are unlikely to be used by themselves to form the

imparvious lining of a reservoir.
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2.3 Formation of Preferred-Seepage Paths - Earth Liners

Concentrated seepage through a liner can lead to washing out of
s0il and the development of piping. The cause of the preferred path may
be present before filling of the reservoir or may be developed due to

the loading imposed by the reservoir £illing.

2.3.1 Soil anomelies

Various faults in construction procedure and control may lead
to imperfections in the liner. Variation in compactive effort and the
variable nature of the placed material may lead to zones with locally
higher permeability. Conduits and other structures placed through the
liner are likely sources of concentrated leakage. Careful attention
to detailing and construction supervision should reduce the incidence

of these faults.

2.3.2 Tensile cracking

Once the reservoir is loaaed differential settlements and
movements take place, Tensile straing are developed, and if the material
ig sufficiently brittle cracking will occur.

Tensile zones may develop where there are abrupt changes in
the stiffness of the support material, or where there is an abrupt
change in shape., Changes in the stiffness of the material underlying
the material may be due to (1) different foundation materials

(2) poor compaction of the subbase
(3) poor or incorrect backfilling of
trenches for conduits, draing etc.

(4} frozen zones in the foundatioﬁ}

Abrupt changes in the shape of the liner, such as the
trangsition from reservoir side to bottom or around an outlet conduit

will lead to stress concentrations and possible tensile straining.
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It is possible to calculate where zones of tensile stress
and strain will occur in guite complex situations using the Finite
Element method. Thié.has been done for the El Infiernillo Dam {Lee
and Shan 1969} and the Duncan Dam (Krishnaya 1973). This sort of
complex analysis is, however, not normally justifiable for small
lined reservoirs,

The ductility of the liner is of primary impoftance in
determining whether cracks will develop in zones of tensgile strain.
Factors which affect the ductility are the type of soil, the water
content, the rate of strain, the type and amount of compaction and
the stress state in a direction normai to the tensile stress direction.
The method which ié used to test the so0il also has a major effect on
the results obtained.

Leonards and Narian (1963) tested compacted prisms of soil
in bending, and found that cracking was initiated at very low strains
(G.1%) at molisture contents at least 3% below optimum, Ductility
increased to 0.3% at optimum and 1littl: increase was shown for additional
moisture~added. An attempt was made to relate scil type to piping and
cracking potential, This is given in Table 2.1.

Krishnaya (1973) observed a similar increase in ductility
near and up to optimum, Increased compactive effort gave a slightly
higher strain at failure, while the addition of béntonite significantly

increased the failure strain.

2.3.3 Other causes

Faults or geological movements due to subsidence may lead
to cracking of liners. An example of failure due to movemenﬁion faults
induced by settlement is the Baldwin Hills Reservoir. This failure is
examined in detail under Case Histories.

Expansive clays as foundation material may create differential

settlement of a liner if overburden pressures and/or access to water

varies across the site.
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Gas or air trapped beneath the liner may cause rupture of
the liner. Organic material in the subbase can cont.inue to produce
gas, and slighf;: variations in the underside level of the liner may
lead to concentrations forming. Venting by means of a correctly designed

underdrain system can alleviate this problen.




DY

2,4 Flexible liners

The selection of a suitable plastic or other impermeable
flexible liner depends to a large extent on the material to be contained
in, and the operating conditions of, the reservoir. It is beyond the
scope of this report to examine individual liner types. However,
inforﬁation can be obtained from the references given in the Bibliography.
For this discussion, plastic liners aré considered as these are currently
the most economic type and their failure modes are typical of those
for other flexible linings.

The permeability of an intact piece of a plastic liner is
very low, generaily being below lO"locm/s. However holes are invariably
present, either due to manufacturing faults, mishandling or missealing.
Table 2.2 gives seepage rate comparigons based on the personal experience
of Kays (1977). These values are a rough guide only, and field wvalues
could vary appreciably from those shown.

The main causes of damage to plastic liners are briefly listed
below for reference. Additiconal information may be thained from Kays

(1977) and the Bibliography. Those with geotechnical import are examined

in more detail.

2.4.1 Mechanical difficulties

Holes can be created in the liner during manufacture, shipping
and handling and installation. Pinholes exist in effectively all plastic
liners and these become focuses for tearing. Laminating of liner materials

removes this problem. Larger holes due to mishandling are more readily
Y

seen and repaired during construction. A

Field seams for liners are a common source of leakage. The
adhesives used may be unsuitable or contiminated. Humidity and temperature
can effect the seal and improper lining layout or contractor inexperience

can all lead to ineffective seals.
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Seals around structures are particularly susceptaible to
leakage, and require particular attention. Sufficient lining material
must be placed in corners to prevent bridging occuring.

The important point to note is that no matter how carefully
a job is completed there are such a largé number of sources of tearing
and holing that it is prudent to assume that leaks will occur in the

liner,

2.4.2 Soils Problems

A number of soils problems are peculiar to plastic lined
reservoirs.
2.4.2,1 Subbage 3

The preparation of the base for the liner has to be carefully
controlled to avoid sharp objects which may puncture the membrane. In
addition, organic matter must be removed so that gas formation under
the membrane does not occur. Holes and cracks in the subgrade can cause
the liner to extrude and may lead to tensile failure, particularly if
the hole is bridged by the membrane. Bridging can also occur at
structure~subbase interface, Certain reeds can grow £hrough some ;iners.
These should be removed, and the ground sterilized.
2.4.2,2 Leakage :

It should be expected that leakage will occur from an
"impermeably" lined reservoir, The magnitude of this leakage is
difficult to determine as it depends on faults in the liner, rather
than the properties of the lining ﬁaterial. Monitoring of leakage
by an underdrain system can detect faults, and possibly thei;\locatiOn.
Regional and local effects as outlined in the section on earth lined

reservoirs need also to be considered,
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If the groundwater rises above the base of the reservoir,
either due to leakage from the reservoir, or changes in the ground-
water regime a reverse hydrostatic pressure will act when the reservoir
is empty. Uplift on the base of the regervoir will cause the liner to
lift7 Refilling will not necessarily alleviate this condition, as water
tends to pond under the liner forming bubbles., As the pressure head is
increased the bubble decreases in size but develops a small radius and

this may lead to rupture (Kays 1977). $Similar failure results from trapped gases.

2.4.2.3 Membrane Cover :

A . soil cover is often requi;ed over an impermeable lining.
The thickness of the goil cover will be determined by the following
factors. BSome lining materials, such as PVC and polyethylene are
strongly degraded by ultraviolet light, whilst others, particularly
rubber based lining materials are weathered by ozone. The flexibility
of a liner is affected by temperature. PVC and polythelene become
‘stiff in cold temperatures and more susceptible to damage by impact
such as hail or ice. The property range of typical liners is given
in Table 1,1, Wave and wind action can 1ift uncovered liners, causing
tearing., Wave erosion and sluffing of the soil cover can reduce the
thickness of the protective layer,

The slope of the inside of the reservoir will be determined
primarily by the friction between the lining material and the soil
cover, Foster et al (1977) used a modified direct shear box to
measure values of friction for hypélOn against different scoil types.
There are three cases which must be analysed., These are the“%tability
of the lining soil in the moist immediately post-construction conditicn,
with the reservoir full, and rapid drawdown. The rapid drawdown case
is likely to be most critical unless a freely draining granular material

is used for the soil cover.
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It is necessary to anchor the lining material at the embankment
level. Typically a trench is dug and liner layed in it and backfilled.
A gimilar detail may be used at the tce if the liner does not extend
across the floor of the reservoir.

If large settlemeﬁts are expected, allowance should be made
for this extension of the liner by providing "tucks® in both directions.
If the settlements are likely to be significantly different in the cut
and £ill zones of the reservoir wall, a berm between these zones will
alleviate high tensile strains,

The placement of the soil cover must be carried out in such

N

a manner to prevent tearing. A minimum thickness from a practical

construction viewpoint is 0.6m perpendicular to the slope.
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2,5 Rigid Liners

Rigid liners are particularly sensitive to subgrade variations.
Their rigidity prevents them from following the shape of the subgrade
and so they have to span across any weak zones, holes etc., perhaps
leading to cracking;_

Heoles or weak zones may form beneath a rigid line; due to inadequate
subgrade compaction, or settlement of the ground. Certain soils are
subject to subsidenée when wetted, and since it must be assumed that a

reservoir will leak, precautions against this should be taken, such
as prewetting,

Seepage frbm a liner can cause bedding or filter material to
be washed out from under the liner, again leading to shell-like cave-ins
of the rigid lining, This has been noted with concrete linings and clay
coécrete liners (Ipfelkofer 1961}, particulérly where the bedding has
been placed on jointed rock,

Swelling or bulging of the foundation material can also lead to
failure of rigid liners. Expansive soils may be differentially wetted
by leakage leading to substantial differential movements, (Holtz &

Gibbs 1954). Frost heave may also cause problems, but this can be
generally avoided by the design of an adeguate underdrain system.
Excess ﬁydrostatic pressure beneath a liner, sucﬁ as may cccur after

the rapid lowering of the reservoir level, can also cause cracking of

the liner,
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TABLE 2,2 : PERMEABILITILES OF LINERS

Liner Type Permeability Range (Cm/S)

Earth Liners

Compacted Soil 107 - 1077

Bentonite Sealant 1070 - 1077
Rigid Liners

Concrete 10"7

‘Steel ' Nil

" Gunite 5 x 10'—7

Asphéltic concrete 10-7 - 10“9

Scil Cement 10-7
Flexible Liners

Polyvinyl Chloride 5% 1070

Polyethelene 10—9

Chlorinated Polyethelene 10-10

Hypalon 1070

Elastomers 10—10

Note : Data primarily from Kays (1977), Williams (1979) and

manufacturers specifications.
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CHAPTILR 3 ~—~ CASE HISTORIES

CASE HISTORY A

A plastic membrane lined reservolr was built in‘a northern Alberta
town in 1966 to aét as a stilling basin for the removal of gilt from the river
water used as the town water supply. A piping failure developed through the
embankments in the winter of 1979 discharging large guantities of water into

the surrounding area.

1. - Description of the Reservoir

The reservoir is approximately 500 ft x 400 £t and holds 19 ft of
water, It is lined with a 6 mil "polythene” liner placed directly on the
excavated soil “and compacted embankment. The liner was protected by a one
foot thick layer of éeiécted fill material. The general layout is shown in
Figure:{L and a typical section in Figure 3,2,

1.1 Site Description

The results of the original site investigation for the stilling basin
were not available. A number of later investigations close to the site were
examined, The location of these boreholes is shown on Figure 3], and typical
borehole logs are shown in Figure 3.3,

These boreholes show a stratum of variable medium piastic-clay containing
some organics, stratified and interbedded with silt and sand lenses. The
thickness of this stratum varies between 7 £t and 24 ft in the boreholes,
.and probably averages abeout 20 ft in the region of tge regervoir., Beneath
the clay-silt layer a dense grey gravel containing pockets of sand and silt
extended to the end of the borehole at depths up to 32 ft below the surface.

The area is low lying, being about 18 ft above the normal local river
level and considerably below the surrounding plain level, A contour map
showing the reservoirs proximity to the river is shown in Figure34., The

silt-clay deposit is alluvial, probably deposited as a peint bar at the

Jjunction between two major rivers.
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1.2 Construction of the Reservoir

No details on materials used, or procedures employed in the construction

of the reservoir were available. The only sources are the initial working
drawings, observations made at the time of failure and hearsay information.
Hence most of the following is conjecture.

The reservoir was constructed by using the material excavated from
the interior of the reservoir for the embankment. Organic material is
believed to have been removed and the embankment compacted.

The completed interior surface had a constant grade of 1 : 4 over
its full height. The material was then raked to remove rocks and the 6 mil
polythene liner installed. Lapped joints were used. The liner was brought
up to the undersideréf the concrete slab supporting the inlet and outlet
pipes, and was anchored at the embankment top by running the liner 5 ft onto
the crest and covering with 2 ft of soii. Thevliner was then covered with
1 ft o% "select £ill material", This material-can be seen in Photo 7, and
appears to be a sandy silt containing pebbles, It is unlikely that this
co%eting s0il was compacted since compaction of such a thin cover would.

require special eqgquipment,

2. Description of Failure

In the winter of 1979 a sudden excape of water occured through the
central por£ion of the south-west dyvke. According tg witnesses the water
flowed from two seperate sources. One was a horizontal crack located on
the downstream slope of the dyke about 6 ft below the crest being about
6 -~ 8 ft long and 6 - 8 ft wide. The other was at a hole located at the
opposite side of a trench adjacent and parallel to the dyke. Tgé location
of thesé holes is shown on Figqure 35, and the‘first leak hole is shown in

Photo 1, 5 and 6.
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The discharge was fairly constant from the time the leak was noticed.
The water level in the reservoir was lowered by draining through the inlet
and outlet pipes and byﬂdischarge from the leaks to a level estimated at
12* of water.
The ice on the reservoir at the time of failure was approximately
4 -~ 6' thick and extended right up to the crest of the dam, and in some
places was piled over and above the crest. This may be seén in Photo 1 .and 3,
An inspection soon after the failure indicated a number of cracks parallel
to the crest, and extending for about 90' along the crest., They are indicated
on Figure A5and shown inphoto 2. Inspection in winter was hampered by the
ice and snow covering,
The failure was re-examined in spring, The s0il movements were
found to bg minor and shallow, extending to some 4' below the crest on the
downstream side, Some blocks of soil had toppled down the slope. This
region is shown in Phgyos 4 and 5,
The liner was inspected and in a number of places the plastic was
exposed where slumps had occured. The liner was severely degraded and in
some locations a finger could readily be poked through it. Bubbles of
water were noted in some areas underneath the liner. 1In the region
immediately upstream of the failed zone a large area pf the embankment
was exposed where the liner had apparently been pulled down with the slumping
cover s0il. This region is shown in Photos 7, & and 9.
The downstream exit of the pipe is shown in Photo 6. Its location
on the embankment is indicated on Photo 5. The outlet is approximately
circular and 8" in diameter. Silt which has been carried in the flow can

be seen downslope from the opening. ~
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3. Operation of the Reservoir

Water was pumped into the reservoir from the neighbouring river by
manually controlléd pumps, The water-level fluctuated widely during normal
operation and one case of overtopping two months prior to failure has been
reported. This was in the same region as the failure.

The embankment was grassed on the crest and upstream face to approx-
imately 4' below the crest, Beneath this there is evidence of wave action
having washed the fine material from the so0il cover leaving a beach of coarse
gravel cobbles. This can be clearly seen in Photo 7, and indicates that
normal operating level is 4 ~ 6' below crest level.

During the spring of 1978 several slippages occured on the U/S grassed
slopes of the reservﬁi;l The liner was exposed in certain areas where the

s0il cover slumped down {Photo 8). These areas were not repaired.

4. Factors contribﬁfinq tr failure.

The exact sequence of events which led to failure is difficult to
reconstruct with the limited information available. The following discussion
presents an hypothesised series of events which explains most of the phencmena
observed, Other explanations are certainly possible.

4.1 Degradation of the soil cover

The action of freeze-thaw and the continual wetting-drying of the
soil cover would gradually have reduced the soils cochesion, Eventually
the material could be expected to act as a cohesionless soil.,

In addition, wave action has removed fines from the beach area and
re—deposited it in deeper water. A beach of cobbles was left which would

-
have reduced the effective cover on the plastic liner in this ré@ion to

an estimated 4", A small cliff was created at the edge of the grassed

section above the beach, This cliff can be seen in Photo 8.
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4,2 Sliding of the liner covering material

The slope of the U/S face of the reservoir is 4 : 1. From Photo 9
it would appear that the scil cover slumped along the plastic sheeting as
a unit.

The angle of friction between the plastic liner and the soil cover
is not known. A rough laboragory test gave an angle of friction of 30°
between the liner plastic and dry Ottawa sand., This would be the upper
limit of friction angle.

The behaviour of the soil liner is complicated by the mode of
operation of the reservoir. Wide variations in water level occur over short
time periods. “On a 24 hour basis 3000 000 gallons may typically be withdrawn.
This corresponds to a drop in water level from full supply level of about 4'.

To check whether rapid drawdown is a concern, the permeability
required to allow the saturation line to follow the reservoir level was
calculated using the method proposed by Cedegren (1967}. Assuming a porosity
of 0,3 and a head différence from one side of the soil cover to the other
of 0.4" it was found that a minimum permeability of 1.8 x 10"2 cm/s was
required,

This is much greater than the expected permeability of the soil cover

which should be in the range ].0_4 to 10_6 cem/s. Hence a condition of rapid

‘drawdown should be considered.

The undercutting of the grassed section of the G/S slope removed or
reduced the end restraint on the liner, Since the soil cover was at the
point of failing, a back analysis was used to determine the friction angle
between the plastic liner and soil cover, This gave a friction angle of

25o which is in the range proposed by Foster et al (1977}). -
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Since the reservoir had been operating for 12 years without slippages
occuring, some action was reqguired to reduce the factor of safety below unity.
The most likely have aI;éédy been discussed under degradation of the liner.
However it is possible that some other mechanism may have been the trigger.

One possibility is that the coperation of the reservoir may have led
to the saturation and fgeezing of the grassed section of the U/S reservoir
slope., If this then remained éovenaiwith ice it would be possible for melting

to occur first at the plastic liner -~ soil cover interface. High pore pressures

could then develop, leading to block sliding.

4.3 Liner Failure

4.3.1 Degradation df the plastic liner

fhe liner material is described as '6 mil polythene'. The properties
of polyethelene sheeting may vary widely depending on the quantities and
types of additives added during manufacturing. Typical property values
have been given in Table 1.1.

| Polyethelene is notoriously sensitive to ultraviolet light. Serious

degradation can be expected within one year of exposure (Kays 1977). Reduced
tensile strength and increased brittleness result.

Freezing weather will cause polyethelene sheet to stiffen even

further, so that in the winter of 1979 the exposed liner was brittle and

.susceptible to tearing under impact loads.

4,3.2 Tearing of the plastic liner

The liner may have been torn in two ways :

4,3.2.1 By sliding soil cover

~

The initial strength of the liner would be about 160 lb/fh run,
estimated from recent tests on similar material (Staff 1978). An estimate

of the force exerted by the sliding soil gives a force of approximately

50 1b/ft2 to the liner. At least 3' of the soil cover has slid, and hence

“there is sufficient force to cause failure, particularly if the liner were

deteriorated.
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It is not clear how much reduction in strength would have occured
through expesure of the liner to organics and sunlight, It is however certain
that a reduction would have occured, The presence of bubbles of water or

gas beneath the membrane would have aggravated the situation.

4,3,2,2 By ice action

Thicknesses of ice up to 6' are reported on this reservoir. The
water leﬁels flucuate widely, thch would céuse thé ice to grind against
the exposed membrance leading to localised punctures,

It is not definitely known if the liner was punctured at the end
of summer 1978. However, the water level during the summer months is more
closely monitored and water levels would not be expected to rise above the

beach level.

4.4 Embankment Failure

4.4,1 Piping

The embankment was constructed from material excavated from the
reservoir. Since these deposits are variable it should reasonably be
expected that the embankment is heterogeneocus with local zones of higher
silt and sand content, These, together with irregularities in construction
compaction could lead to preferred seepage paths.

The embankment material adjacent to the failed zone was tested and
found to be a clayey silt., The grading curve is shown in Figure 8.

Sherard et al {1963) states that this material is ve?y susceptible to
piping.

The embankment is founded directly on the clay stratum. The
presence of organics in this material and its low strength suggest that the
s0il is probably quite compressible, Variations in embankment ;}est level
of up to 1.5 m as shown on the contoﬁr plan Fig.3.4 indicate that substantial

differential movements have occured with almost certain cracking of the

embankment accompanying these movements, The limits for susceptible soils
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suggested by Sherard et al (1963) are superimposed on the grading curve
(Figure 3.6).

An overtopping of the embankment occured two months prior to the
final failure, in the same region as the final failure.

No piping was noted at this time, although this would be difficult
to determine due to the snow and ice cover. At the least this overtopping
must have increased the water content in the embankment., The matter is
complicated by the lack of any substantial information concerning
this overtepping, and particularly the state of the embankment at the end
of this incident.

In the week prior to the final failure, unusual ice build up occured
along the embankment top in the region which failed. This was presumably
due to the high water levels being maintained in the reserveir,

It is of interest to speculate about the advance of a wetting front
through the embankment. This liner had been in service for 12 years and
had been subject to sggnificant straining. Certainly some leakage would
have been occuring from the reservoir and a relatively steady seepage
pattern would have developed., The height of the phreatic surface in the
embankment would have depended on the quantity of discharge and the local
ground water level,

The embankment is likely to be anisotropic sincé it was compacted in
layers with varying properties, Some of these layers may have acted so as
to produce perched water tables, 1In addition the overtopping incident would
have increased the water content of the upper layers.

buring the week prior to failure the wetting front was established
through the upper portion of the dyke. Gradual erosion by piping would have
occured along preferential seepage paths til; finally a completé\pipe was

established through the dam., Rapid erosion of the silt followed, creating

a substantial pipe and noticeable flows,



-39~

4.4.2 Slope Failure

face is not clear, The cracks extended over a length ofrabout 90' and may
not be associated with the development of the piping failure, but rather with
the overtopping incident,

The toppling nature of the failure suggests that a horizontal force
was applied, probably to ground that was frozen. Possible sources of such
a force include ice thrusting, ice lense formation or excess pore water
pressure. Mechanisms for the application of these forces are not obvious,

—

5. Future Regervolir Operation

The water level in the reservoir was reduced to approgimately
RL 810 m. No further leakage has been reported with this water level being
maintained.

The reservoir is adjacent to a river which floods to levels of
approximately RL 813 m. The stratigraphy of the area indicates that the
water level under the reservoir would follow fairly rapidly variations in
river level,

If a reverse hydrostatic pressure were allowed to develop beneath

the liner, the liner may lift allowing water bubbles to form. Increasing

‘the head again may not solve such a'problem as the usual effect is to

localise the water under the liner creating smaller bubbles with higher
resultant stresses in the liner. With the deterioriated state of the liner,

this would be risky.
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6. Conclusions

The regservoir with its polythene liner performed satisfactorily for
12 years. That it did so reflects well on the polythene sheets ability to
remain intact while sustaining substantial strains. Minor leakages from
the liner created Ao problens.

Lack of provision of wave and ice protection for the soil cover, and
the failure to instruct maintenance staff of the importance of maintaining
the scil covers integrity were major omissions.

A manually controlled pumping system requiring visual meonitoring
of the reservoir water level is unwise, particularly in regions where an
ice cover will form., An gutomatic cut off system to prevent overfilling
should be standard practice.

No backing system, such as underdrains, filters, were used to control
seepage in the embankment in the case of 1inér leakage., Where the embankment

is susceptible to cracking and piping provision of such a control would be

prudent.
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Figure 3.1  : GENERAL LAYOUT AND LOCATION OF BORE-HOLE;

{Case History A)
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(Case History A)
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Figure 3.3 : TYPICAL BOREHOLE LOG

(Case History A)

— 5
PROJECT New Water Treatment Plant -~ : : TESTHOLE No. 3
SURFACE ELEVATION 812.3 I JOB No.

Depth SOIL . Water Content % © Compressive Strength tsf.
ft. DESCRIPTION 10 20 30.. 40 1 2 3 4 5

3 CLAY(FILL) med. to dark : Pocdet,P:netrometér

brown, sandy & silty, '

— 2 some organics, low plastic,

very stiff
vl . . }"-‘
black, very silty, organics |
— 44 pieces of trees £ e

-~ CLAY med. brown, silty, trace
¢ of organics, some

horizontal sand seams & -
— - _pebbles, low nlastic

g ~ very silty, low plastic

10 trace of organics, clayey

) silt to very silty clay,
—~ tow plastic, firm to stiff

| e

— 12 , _

— SILT clayey & sandy, med. brown, [ {fiM‘

Y fine sand lenses, low e & LA
plastic ' 3 A lv//}//4

. 15 1 fine sandy, some clay ' X«-——-~* - AL

B lumps ]J

- 18 light brown, sandy & et 2

Ll

clayey, non-plastic
grey to white sand lenses

- 20 L 1" thick /_X'EZ rompletipy !

- CLAY gx:i\ e Y

99 med. brown, very silty low N 1

o plastic, firm, med. brown, ///,r - T~
B very sandy, silty &

' ' . /
ey gravelly, wet .y

GRAVEL med. brown to grey brown,
sandy, med. to coarse,

— 26 some tarsand, some gravel
[ @ 26' to 1-1/8", very
silty & clayey
— 28 sandy & very silty, some
» clay, pebbles to 1" -
, , _ N
— 30 very silty & clayey ‘ -
- R
B gravel to 1/2" very silty
[ 32 ‘& sandy SN N B
I | END OF HOLE
‘Completion Depth 32.0' Date Oct 17 0 20 30 40 S50
bvp:h toWater 20% on ) . Penetration Resistance N %]

in Doring Complation Page 1 of 1 T
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Figure 3,7 FHOTOGRAPHS @ CASE HISTORY A

Photo 1

Major leak location immediately after failure.
Note the ice buildup on top of embankment.

Photo 2

Cracking on top of the embankment immediately after failure,
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Photo 3

Clcared embankment after failure.
The depth of ice pileup may be seen.

Photo 4

View along b/S edge of embankment in failure zone.
Note toppling of soil blocks near rim.



Photo 5

General view of failed embankment.
Toppled soil blocks and piping outlet are visible.

Photo 6

Closeup of piping outlet.




Photo 7

View of embankment U/S of piping failure outlet.
Note the slumping of grassed areas and the formation
of a beach.

Photo 8

Damaged section of polyethene liner showing exposed :
embankment material, '




Photo 9

Slumping of soil cover on apparently intact
polyethene liner,
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CASE NISTORY B

A water retention structure for an industrial plant in central Alberta
was constructed during-1;56. Underdrains showed excessive leakége once the
reservoir.was filled; and upon inspection of the compacted clay lining cracks
and potheoles were observed,

1. Description of Reservoir

The reservoir is approximately 1200 x 60C" and holds 25F of water. It
is lined with 3' of silty clay compacted to 95% proctor optimum at moisture
contents at or wet of optimum. This overlies a gravel blanket drain containing
pipes which discharge through the embankment. The general layout is shown in

Figure 38 and a typical section in Figqure 3.9,

1.1 Site Description

The reservoir is located on a river terrace approximately 40' above the
normal river level. Floods come to within 20' of the terrace.

Boreholes indicate a thin layer of topsoil overlying a variable étratum
of stratified and interbedded silty clay containing five grained sand and silt
lenses., This stratum varies in thickness from 5 to 15'. Beneath the clay
layer a deposit of dense poorly graded gravel overlies sandstone. The gravel
layer varies considerably in depth up to 13°,. 4

It is probable that the gravel was deposited in the bed of a river

originally cut in the sandstone, and that the stratified clay in an alluvial

deposit. The exact geological history of the area was not determined.

1,2 Lipning Material

The 3' thick clay liner was compacted from material obtaiggd from a
borrow pit adjacent to the reservoir. The soil was a medium pléséic clay
till, very silty with traces of sand, coal and rust specks. Atterburg limits
and insitu permeabilities were determined and are summarised in Figures 3.10 and

- 3.11 Sieve anélysis are shown on Figqure 3.12,



There appears to have been two groups of soil present in the borrow
area; one CI and the other CL. The permeability range for both these were
similar, between lO—6 and 10-9 ¢m/s. Laboratory falling head tests gave
values between 2 x 10-4 and 6 x 10“9 cm/s. Dispersive properties were also

investigated.

1.3 Underdrain System

A one foot thick gravel blanket was placed under the reservoir lining
as shown in the section, Figure 3.9, Its stated purpose was to ensure that
excess hydrostatic pressure could not build up beneath the reserveir and
perforate the clay liner,

Drainage pipes are imbedded in the‘gravel blanket as shown in Figure 3.8,
The spacing of drains was calculated considering the expected permeability of
the liner (;0"7 em/s) and the expected seepage from surrounding areas. It
appears that much of the site is drained by a natural gravel layer. The
thicknéss of this bed pgneath the clay liner has been estimated from the
borehole logs and is shown in Figure 3,13 The location of the gravel outcrops

in the adjacent valley which act as discharge channels for the reservoir area

" are not readilty determinable due to the complex variability in depth to the

sandstone scrata.

1.4 Other considerations

The action of freeze—~thaw cycles on the clay liner were considered,
It was believed that gradual deterioration was ineviﬁable, and hence regular
inspections and repair as required were specified,

To ensure that the underdrains did not freeze and cause pressure
buildup they were insﬁalled at sufficient depth to prevent this.

Wave action and ice scour have been allowed for by the prayision of
gabbions at the operating water level,

Piezometers wéfe installed in the embankment to monitor pore water,

pressure. No measurement from these were available,
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24 Description of Faillure :

The reservoir was first filled towards the end of November 1978.
Considerable discharge 6f"u? to 50 gals/min was noted from pipe 1. Divers were
gent under the ice to inspect the region and a hole was found adjacent to the

inlet pipes, An attempt to seal this with concrete was made and this reduced

- the discharge from the pipe by about 20 gals/min,

Between the 21st and 23rd December rapid increases in discharge particularly
from pipes 3 and 4 were noted, Over this period the total discharge increased
from about 50 gals/min to 200 gals/min. The rate of discharge continued to
increase, but at a decreasing rate till by the end of April the discharge was
approximately 600 gals/min.

Detailed discharge records for individual pipes are shown in
Figure 3.14..

In May the reservoir was emptied and inspected., A detailed report of
this inspection was nqﬁmmade avdlable. However a verbal communication indicates
that some cracking was noted trending east-west., The cracking was small in
extent. Two sets of pot holes were noted. One of the sets consisted of
two potholes 2% £t and 6 inches in diameter about 3 ft apart, and lying over
an east-west drain, Tﬁé other set consisted of about a half a dozen potﬁoles
2 to 3 inches in diameter located over the junction between a major drain and
a lateral drain,

These were repaired and the reservoir refilled., Discharges increased

again to about 190 gals/min and were still increasing at the time of writing.

3. Possible cauges of excess leakade

The following mechanisms are hypothesised on the basis of limited
information, To determine the importance of each, additional teéis and

information would be required,
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B, 3.1 Liner cracking

The liner material is susceptible to cracking., The limits proposed
by Sherard et al (1963) are superimposed on the liner grading curves in
Figure 3.12,However, it is also necessary to develop tensile strains in the
liner before cracking can occur.

Possible sou;ces of tensile straining are differential settlements or

movements -

(i) At junctions between zones of different compressibility supporiing

the liner.
(ii) At stress concentrations due to changes in liner slope or at

structures in the liner.

B, 3.1.1 Variable compressibility :

Variable stiffness in the material supporting the liner can arise in

a number of ways.

B. 3.1.l.1 Resgervoir subbase : Sandstone was intercepted in the excavation along

the northern side of the reservoir. An estimate of the outcrop based on borehole
logs is shows in Figure 3.13The balance of the excavation was in dense ¢ravel,
with a small zone of topsoil near the south embankment. This topsoil was
to be removed and replaced with compacted pit run gravel.'

The sandstone is generally non-cemented or poorly cemented, although
occasional layers of more indurated sandstone do exist.

All these subbase material would be relatively stiff and differences
in stiffness would not be expected to cause significant differential movements.

B, 3.1.1.2 Embankment - Foundation Interface : The embankment is compacted from

the silty clay material excavated frcmrthe reservoir. In most places this
embankment rests on the silty clay stratum. Occasionally the g;ayel layer is
directly under the embankment., No tests were performed to determine the stress
stain curves of these materials. In addition the variable nature of the alluvial
deposit used in the embankment means that unless particular care was taken in

mixing and compaction that heterogeneities could have occured,
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It is not possible to decide on the basis of the information available
whether differential movements occured at these locations or whether they were

sufficiently large to cause cracking.

3.1.1.3 Underdrains

The trenches for the drain pipes under the gravel blanket are cut
into the substrata from 2 to 4 £t under the floor of the reservoir to allow
sufficient slope for drainage., Where the collector pipes are taken through
the embankment the reqguired trenches would be up to 10 to 15 f£t. in depth,
depending on how much of the surface soil was removed from the embankment
foundation,

It is presumed that the sides of these trenches were cut vertically,
probably using back hoe equipment, The specification only requires that
"the width of the trench shall be such as to permit the pipe to be laid,
jointed, bedded and backfilled. Compaction of the backfill was to be to
95% prbctor optimum. _

The relative compressibility of the backfill material when compared
to the natural material is impertant. Unless the compressibilities are
similar, then differential settlement must occur over short distances,
resulting in tensgile strain, with a high likelihocd of cracking of the
liner.

In this casge, it has been admitted that the compaction of the
backfill wds not carried out completely to specification. A more compressible

zone resulted which may have led to cracking of the liner,

3.1.2 Stress Concentrations

~

3.1.2.1 Structure = liner interfaces N

Where structures perforate the clay liner problems are likely to
occur as a result of the difficulty of compaction around the structure,
the sealing up to the structure, and the rigidity of the structure compared

to the liner and supporting soil.
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There are two structures penetrating the liner, Cne is a 48 inch
diameter pipe and the other is two 24 inch diametgr pipes. These are
supported at the clay liner by a concrete slab, The detail is shown in
Figure 8., Compaction around these pipes was specified, but compaction
adjacent to pipes is notoricusly difficult., No cuteffs were provided on
the pipes, and more plastic material was not specified for the back fill
soil,

A construction error occured where the two 24 inch diameter pipes
intercepted the liner., The concrete slab was intended to lie on a minimum
of 3 ft. of clay liner. Instead the liner was run 3 £t thick parallel to
the face, leaving no impermiable soil beﬁeath the slab. This is sketched
in Figure 3.15.Prominent flow channels developed down the sides of the
concrete c;eating a gap of approximately 1 inch. Repair was attempted
by placing large quantities of concrete in the. area., This reduced the
flow from the underdrain in the area by approximately 20 gals/min.

{See Figure 3.14)

It is not known whether the gap vas created by material washing
out, or by shrinkage of the liner., However shrinkage appears unlikely
since the material was not allowed to dry substantially after placement,

This point will be considered later under liner piping.

3.1.2.2 Changes in slope

In general sharp changes in slope lead to stress concentrations
which may produce tensile cracking. Sharp corners should be rounded off
and sudden changes in grade avoided, At a number of locations in the
reservoir this practice has not been observed, notably at the junction
between the side slopes and the reservoir bottom, With a britti& material

this is an unwise practice.
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3.2 Liner Piping

3.2.1 Digpersive Clay

Clay soils will not generally erode under guite high velocities,
However dispersive clays and silts are both subject to erosion where concentrated
flow occurs. B number of mechanisms have already been noted for the formation
of cracks in the liner. Local hetrogeneities in the liner could also provide
concentrated flow. The liner material was tested for soil chemistry and
dispersive characteristics. WNegligible erosion was reported during a series
of pin hole tests, In addition the sodium absorption ratio and the exchange-
able sodium percentage were low; (1.12 and 1.23 respectively). The samples
were taken from five test pits in the clay till borrow area, and should be
representative of the average liner properties,

The pin hole test is not regarded as a sufficient tegt for dispersive
soils, Sherard and Decker (1976) suggest that the Soil Conservation Service
dispersion test, the crumb test and a test of the dissolved salts in the
pore water, in addition to the pin-hole test, should be run on each specimen.
However they agree that the pin hole test is the most reliable,

As noted earlier, pot holes were observed in the base of the reservoir,
and material was most probably carried away from the liner where the two 24"
pipes perforated the liner.

The fact that clayey material was removed from the liner at both these
locations incidates that the liner material is erodible; and that the filter

at these points was not fully effective.

3.2.2 Filter

The liner is underlain by a gr%vel blanket, 8Some grading curves for
this layer are shown on Figure 312,The material generally satisfi%s the filter
requirement for the silty clay liner., However in some cases it is poorly
graded with few sand sizes. This material may still act as a filter but
testing would be required to confirm this. The lack of sand sizes is particularly

important when considering the sealing of filters under dispersive clays.
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The mode of action when a pipe develops in a dispersive soil protected
by a filter has been described by Sherard et al (1976). Laboratory filter
tests on compacted dispersive clay samples discharging into a medium sand
filter under low head all gave the same action. That is
(a) At the beginningrof the test colloidal coloured water came directly

Ehrough the filter. The volume of flow was limited by the permeability

of the filter,

(b) The flow rate gradually decreased reaching a value of approximately one
tenth the originél rate within 10 ~ 15 mins., Clear flow continued at a
low rate,

(c) Cn examinétion of the samples, it was observed that the hole in the
compacted cléyrépecimen was partially or completely filled with soft

mud, and that a thin gkin of fines had formed on the Face of the filter.

. The filter apparently did not prevent tbe colloidal particles passing
throﬁgh it, Howevef:msilt sized particles carried in the flow could not
enter the sand filter and gradually sealed of the leak.

1t is probable that this is the type of action responsible for the
formation of the pot holes in the liner, Detailed examination of the holes

would be required for confirmation, but it seems very likely that the liner

material is, at least in some zones, dispersive.

3, 4. Probable Sequence of Events Leading to Failure

Upon first filling differential settlement urred in the liner,
certainly above the main drain system and possibly at other loca;}ons. The
differential settlements would have occured rgpidly, and crackiné\would have
developed as tensile stmins developed.

Preferential seepage paths were thus created along the cracks, above

~possible voids in the filter, and also where heterogeneities occurred in the

liner, Gradual erogion of the dispersive clay into the gravel would have
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continued until a pipe developed. At this stage a rapid increase in discharge

occured carrying out silt with the clay particles., These silt particles

gradually sealed the pipes leaving a steady clean seepage flow,

Pipes would continue to develop at different rates at locations where

cracks were not as severe, or where local heterogeneities led to preferred

seepage paths,

Congclusions

From the previous considerations, the following points are made -

The liner material is brittle and subjéct to erosion once cracked.
Recognition of this fact is central to the correct design of the
reservolr liner.

To maintain the liner integrity all differential movements must be
limited. Control of materjal selection and placement, together with
attention to detailing at any rapid changes in section, such as drains,
structures, slope changes are necessary, but may not be sufficient.
Since cracking will be difficult to control and should be expected,
an adequate filter system should be used to prevent serious damage to
the reservoir,

A monitoring system which checks the flow from known parts of the
liner should be used. Liner repair can then be expidited. To this
end, the monitoring system must be independent of seepage not
originating from the liner, An impermiable barrier beneath the
drainage blanket would achieve this,

The specification of an acceptable permeability for a liner may not
be reasonable, particularly when based on a plasticity index to
permeability correlation, Care in the selection and placing of the

material would be a better way of assuring the required property.
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G. Possible remedial measures

Remedial measures would have to be based on substantive information.
However, if it assumed that the liner is disperse then a number of alternatives

are available.

6.1 Membrane Liner

The entire reservoir could be covered with an impermeable liner,
protected by a soil cover. This dternative is bound to be expensive but
good results could be assured.

6.2 Chemical modification

Chemical treatment of dispersive soils have been used successfully
to prevent erosion., Sherard and Decker {1977) contains a number of papers
dealing with this problem. The choice of chemical and treatment method depends
on the soil chemistry.

6.3 Bentonite liner

Bentonite is commonly used as a sealing agent for reservoirs. This
is discussed in detail in Secticn 1.3.1 of the report. The bentonite may in
this case be subject to piping alse, and laboratory and field tests over a

period of years would be needed to establish this fact.
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Figure 3.8 i GENERAL LAYCUT, SHOWING UNDRER DRAIMS
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Figure 3,11
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RANGH OF PERMBEABILITIENS, LINER MATERIAL
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GRAIN SIZE CURVES FOR LINER AND FILTIR MATERTALS

{Case History B)

Figure 3,12
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Figure 3,13 @ DEPTH OF GRAVEL LAYER BUNsATH CLAY 1L,TNER
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Figure 3,14
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INLET PIPE AS BUILT

Figure 3.15
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CASE HISTORY C

An aerobic cell for a sewage treatment facility was built on a
terrace adjacent to a river valley wall in Central Alberta, The cell
sustained minor damage due to beaver tunnelling which was readily repaired,
Severe damage ogccured whpn a slide of the river valley wall affected the

cell embénkment.

1. Pescription of the Cell

The cell measured approximately 150 m x 210 m and could hold a
maximum depth of 2.5 m of waster water, The general layout, is given in

Figure 3.16

1.1 Site Description

Soiis in the region of the cell_include gilty sand, ;ilt and clay
typical of glacial outwash deposits. The layer;ng is complex, but the
predominant material isM;ilty sand. Organic topsoil and peat occured over
portions of the site.

The slope adjacent to the cell is épprOXimately 23 m high with an
average slope of between 10 to 15 degrees, The slope contains complex layering
of silty sand, silt and clay over bedrock. Bedrock consists of fine grained
weathered bentonitic siltsone and sandstone. The averége thickness of the
material overlying the bedrock is 5 to 9 m as shown in Figure 3.17,

Water levels in the area were not accurately determined prior to
construction, The complex layering meant that perched water tables were
present.

However with the limited information available, it can bg\inferred that

AN
the average level of the ground water table under the cell was about 4 m above

the impermiable till basement.
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1.2 Construction and Operation of the Cell
The original geotechnical report recommended that the site be stripped
of all organic material,'and that a 0.5 m thick clay liner be installed. The
liner material was not specified except at “an imperviousrclay“. After failure
of the cell, additional site investigation showed that the liner had been
-omitted, and that some crganic material was present under the embankment.
The cell was never fully utilised. About four years after construction
water levels reached to about the half way mark. Some leakages was noted, an
a beaver nest was discovered in the west dyke, and the pond level was lowered

for successful repair work.

2. Description of Failure

About five years after construction a 120 m long crack developed in
the crest of the north dyke, and the ground dropped up to 3,7 m. The extent
of the slide is shown in Figure 3.16;

Seepage was noted at the base of the slide, and the slide appeared to

be confined to the soil above the bedrock.

3. Causes of Failure

The immediate cause of the failure of the cell was the activation of
the slope. Some possible causes of this activation are

~ The surcharge effect of the dvke embankment at the head of the

slope.

- Oversteepening of the slope, caused by roaéway construction cutting

into the toe of the slope.

- Increased water levels in the slope, due either to seepage from

the cell or natural ground water surface fluctuations.

r—y

The first two factors would have reduced the factor of éa%ety of the

glope., However the slide was not triggered at the time these actions were taken,

and so it is most probable that increasing water levels in the slope were

- responsible for a decrease in the factor of safety with time.
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4. Seepage in the Slope

Observations at the cell site showed that the water table had risen
from approximately 4 m to 9 m above the impermeable till., This rise was due
to the formation of a mound caused by infiltration from the cell. As a
consequence of this' ralsed water table under the cell, the water level in
the slope increased sufficiently to cause failure. Water levels in the slope
at the tiﬁe of failure are notlknown.

It is interesting to note that eveh if the originally specified liner
had been incorporated in the cell, the mound development beneath the cell
would have reduced the factor of safety of the slope to unacceptable levels,

An analysis, by others, for this case has been summarised in Appendix A.

Se Conclusion

To have prevented the slope failure, seepage from the cell should
not have been allowed to reach the sldpe. An imperm able liner, with an
effective permiability of less than 10-8 cm/s, such as a plastic membrane
could have been used, or seepage could have heen prevented from reaching the
slope by a deep continuous drain in front of the cell embankment, or the use

of a cutoff between the top of the slope and the reservoir.
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CASE HISTORY D - Baldwin Hills Reservoir

The Baldwin Hil;E_Reservoir in Los Angeles failed in December 1963,
It has been the subiect of numerous investigations including State of
California (1964) and has been reported in the technical literature by
Jansen et al (1967), Leps (1972) and Casagrande et al (1972) amongst others,
Readers are refered to ;gé above articles for details of reservolr construction,
around movements, geology and site investigation results, aé well as descriptions

of the events leading to failure. The following is a brief summary of the above

papers.

Reservolr Construction

The underlying soils in the Baldwin Hill area were known to be
dispersive and susceptible to piping. The philosophy of the design was
therefore to prevent any seepage from tlereservoir reaching those soils., To
achieve this an impervbus lining and an underdrain system were designed.

The cross-section of the reservoir is shown in Figure 3,18.The porous
asphaltic paving was to protect the earth liner, which was made by blending
and compacting fine grained soils excavated on the site. A 4" cemented pea
gravel drain beneath the liner was to act as a collector for all seepage.
Tile drains were then to carry the water out of the reservoir area. The pea-
gravel drain was capped with a %" porous sand gunite layer to prevent the
compacted earth from infiltrating, and underlain by a %" asphaltic membrane

to prevent all water from reaching the foundation scils.

Geology of the Area

The Baldwin Hills are a combined anticlinal and fault blé?k structural
and topographical uplift. A geoclogical section through the area is shown in
Figure 3,19.,Although seismic activity is present in the area there has been
no reliable instances of surface faulting or éreep along the faults of the

zoneé in recent times.
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Subsidence at Baldwin Hills

The anticlinal feature shown in Figure3lghas been the site of oil
accumilation and was developed as an oil field from 1924, Associated with
the extraction of oil was the development of a bowl of subsidence in the
region. This bowl is shown in Figure 3 20,The location of the reservoir is
shown on this Figuré. The vertical differential movement over the lifetime
of the reservoir was as much as 6%",

Horizontal tensile straining developed with the formation of the
subsidence bowl. The magnitude of the tensile straining differs with
different authors from 0.02% (Leps 1972) to 0.07% (Casgrande et al 1372)

during reservoir operation., This tensile strain appears to have been

concentrated in the faults, causing them to open by as much as %" to %",

Principal Events Leading to FPailure

The integrity of the reservoir depended primarily on the %" thick
asphaitic membrane. Dufing construction, difficulty was experienced in
preventing cracks and horizontal displacements,

-During first filling ==xcessive leakade was noted, and upon draining
the reservolir compression cracks and bulges, as well as settlement on the
south side of the outlet tower, were observed. Repairs were made to the
earth liner at this stage, It is probable that at this time the asphaltic
membrane and relatively krittle pea-gravel drain were xubtured by differential
vertical movement along the faults, produced by the combined effect of the
water load and the greater compressibility of the soils on the west side of
the faults.

The pea-gravel drain then acted as a collector to channel the seepage water
into the foundations scils., The wetting of these soils caused ada;tional
differential settlement and the development of cavities and pipes beneath the
reservoir. This progressive erosion led eventually to the collapse of one

or more of these cavities which in turn breached the earth liner allowing

full hydrostatie pressure to develop in the faults,



Once the earth liner was breached, the volume of water flow was
substantially increased and erosion proceeded apace, either through stoping
from an existing cavity, or flow through a tension crack until a continuous

pipe was formed through the entire abutment.

Comments

The movements to which the reservoir were subjected are not uncommon,
and would not harm most reservoirs and dams, However, the pea-gravel drain
in this dam was brittle, and the differential movements of the faults caused
distinct breaks in the drain, and the attached underlying asphaltic membrane,
Once the membrane was broken, failure was inevitable., A suitable design

would have had to allow sufficient flexibility to accommodate the movements

which occured.
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Figure 3.19 : CGEOLOGICAL CROSS~-SECTION OF BALDWIN HILLS REGION
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CHAPTER 4 -~ CONCLUSIONS

Lined reservbirs are now commonly used as engineering structures,
The methods of design and construc£ion are well established using known
s0il mechanics .and construction principles, obtained from other water
retaining structures.

The major determining factors in.the performance of a lined
reservoir are the type of liner material used, and the differing
environments to which the liner will he subjected. These factors
are obviously interrelated, If the environment in which the liner
will have to perform, and the loadings which will be applied to it,
can be accurately specified, then the liner choice and design should
follow readily.

The selection of the liner type for the particular job is
therefore of paramount importance. Of the four case histories
examined, three can be attributed directly to misunderstanding of
the behaviour of the critical liner parameter under the conditions
to which they were exposed, be it durability, permeability or
rigidity.

All liners must be expected to leak to gsome extent. Tears,
construction errors and deterioration of the linerAall lead to
increased permeability. Care must be taken to determine where the
leakage will go, and what effect it will have on the structure,
and particularly with pollutants, on the environment. Adeguately

designed subdrain systems can facilitate monitoring and control of

~

e .
leakage _\

Finally, it is believed that there is a tendancy amongst engineers
to regard reservoirs as.relatively minor structures. As a consequence of
this attitude insufficient attention may be paid to detailing. It is the
attention to detail in a design which ultimately determines the soundness
on the whole. The failure of reservoirs containing even small volumes

of some pollutants could have very wide reaching reprecussions.
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APPENDIX A: MODEL FOR LAGOON AT THE TCOP OF A SLOPE

A lagoon located at the top of a slope underlain by an impermeable stratum
can be modelled as shown in Figure Al.

A mound will develop beneath the lagoon causing an increased water level in

the adjacent slope. Closed form solutions are available for the steady state
mound formed by infiltration and for the flow between differential water levels
on an inclined surface (Harr 1962). These solutions may be coupled using an
infinitely small, fully penetrating slot to satisfy the boundary conditions of
flow and pressure beotween the two flow zones.

For the model 1 shown in Figure Al it has been assumed that there is no change
in the water level at the edge of the lagoon away from the slope.
The flow in the slope is given by:

gy = kg @ h*i

where o was assumed constant for the problem

kg is the soil permeability
i is the impermiable strata gradient
h* is the depth of water in the fully penetrating slot

The flow under the lagoon is:
dp = kg (hy% =h*2) + eL2-
2L2 2

where e = infiltration per unit area

The infiltration e will depend on the average hydraulic gradient causing
infiltration (i) and the effective permeability of the clay liner, or the
liner-subscil combination (k)

e =k 1
For continuity
ql=q2 -
_ K kiLy
. * § = 2Se (p,2 Lp#2
Ci.e. a kg h* i T (hy€ ~h*€) +
This may be solved for h*
. ~ bt/b2-4,
h* = 2
where b = 2Ly, a i
e o2+ T2 A
C (hl +kle2)

Figure A2 shows the relationship between h* and the permeability ratio k/kg
for liners 0.5m and 2.5m thick when the depth of water in the lagoon is
2.5m and hj is taken as 3.6m.

For Model 2, Figure Al, it was assumed that the water levels at both boundaries
~of the infiltration zone are changed by an equal amount Ah*

-.0/2.
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Solving as above gives

phr = iLp?
where €y = 2hg = 2hy + a i2L,

The relationship between h* = h,+Ah* and the permeability ratio -k-/kS are shown
for the same cases as Model 1.

It can be seen that the effect of the assumption of water level rise away from
the slope has minor effect on the height of water in the slope.

The factor of safety of an infinite slope of cohesionless material with seepage
parallel to the slope is given by:

_ _ tan ¢
F = (1 ru) tan o
wvhere g = surface slope
¢ = angle of interval friction of the soil
I, = pore pressure ratio = u_
vd
-~ 41 = pore water pressure
d = depth to failure surface

v = soil density

For a particular slope the factor of safety decreases as the water level in the
slope increases.

As an example, if a factor of safety of greater than 1.5 is acceptable in a
10° slope of sand with ¢ = 25° and vy = 1.75 gmfcmB, then a water level in the
slope of greater than or equal to three quarters of the depth to the failure
surface will cause an unsafe slope. The effect of perched water tables in
such a slope is of major importance.

Once an acceptable water level in the slope has been selected, reference to
the previous equations plotted for specifi¢ values in Figure A2 enables the
selection of a suitable permeability ratio k/kg and hence the selection of a
suitable liner type.
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FIGURE A2 : Phreatic Surface in Slope as a function of liner
permeability.
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