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Design of Geomembrane Liner for the Proton Decay Experiment 

Desi gn consicel'ations and theol'etical analysea of a 
weteI' l"eSerVOil' fo l" the Pl"o t on Decay Experiment are 
pl"esented. The design embodies the site location/ 
co~di tions , opel"at ional considel"ation3 , and l"equil"~ments 
imposed by the physics expeT"'~ment itseZf. Comp tibi U ty 
of the geomembl"ane l.Jith t he "Ul'a- pul"e watel" used fol" 
the expel"iment led ~o t he selection of IIDPE. The 
l"esel'V il" location (600 m unJc l"gl"OU"lJ in a sa It mine ) 
imposed stl"ingent conditions on the maxillTWII leakage 
allowed due t o the l'i s k of salt sohnion . Hence , a 
dve.ble HOP:; Zining sys tem with a monit ol"ed doub le 
dl"ainage system was deai gned, instal led, and put into 
opemti on . The double linel" concept and the associat ed 
dl"ainage sys tem al"e diacussed in detail . Theol"etical 
analyses wel"e pel'fol"med to anticipate the mechanical 
behaviol" of t he linel" . Labol"atoIY tests , which simula­
ted t he expected s tl"esses on the li>lel", complemented the 
l"csu lts of the t heol"e t ica l analyses . Consequent l y , the 
final l"eserooil' desi(TYl pl"opclsed meaSUl"es to alleviate 
stpesses . 

INTRODUCTION 

Matter may not be forever . The lifespan of protons 
may be 103 2 yea rs acco rnin g to a theory for which the 
No bel Pr ize in physics was gra nted in 1979. To verify 
th is th eo ry, a group of physicists at the Universitie5 
of Cal iforn i a and Michigan have set up t he Proton necay 
Experi ment, sponsored hy the U. S. nepartment of Energy. 
The experi ment consist s of monitoring a 18m x 24m x 20m 
deep reser voir cont ai ning 8500 m3 {2 . 2 mill ion gal l ons \ 
of wa ter , i. e . , app roxi mate ly 1033 protons . I f the 
theory is co rrect , on ly a few of the protons in t he 
re servoir would spont aneous ly disint egrat e , or "decay", 
ea ch yea r, giv i ng off ultraviolet light detected by 2048 
photomu l tipl ier tu bes immersed i n t he water . Transpar­
ency is essenti al and the water is permanently recyclen 
and puri f ied by a sop hi s ticaten fac ility adjacent to the 
reservoir. Oetect i on of proton decay should not be 
disturbed by nat ural radi oact ivity and cosmic radiation. 
Hence , the re servoi r has been excavated i n salt, where 
natural ra di oact iv ity i s low, ann i s located 600 m 
(2000 ft) und erground whe re cosmi c rania tion is minimal. 

Concrete and st ee l res ervoirs we re considered f irst, 
but were eliminated because of the cost associated with 
difficul t access t o the rese r voir . Cons equentlj , a 
geomembrane line r was con s ideren . The desi gn of the 
geomembrane l ining system for t he Proton Decay Experi ­
ment reservoir was an excepti onal challenge nue to the 
stringent req uirements discus sed i n Section 1 of the 
paper. Secti ons 2 and 3 niscuss the two most del i cate 
aspects of t he des ign: the leakage collection/detection 
system and t he mechanica l behavior of the liner. 

1. nESIGN APPROACH 

1.1 Operational Requirements 

The followin g requirements were dictated by t he 
physics experiment: 

• Water Pu rity. The negree of water purity requi red by 
U,e Proton Oecay Experiment is several t i mes more 
stringent than current distilled water standards. 

• Water Level. During the operation of the experiment , 
the water level should remain nearly constant with a 
tolerance of 0.2 m (8 in.), during several years. 
~mptying the reservoir for repai r or maintena nce would 
not he critical to the experiment but would require a 
consinerahle amount of time (it takes five weeks to 
empty and five weeks to fil l the reservoir through a 
pi pe going to the ground surface). 

• Reservoir Depth. The volume of the reservoi r {8500 m3 

or 11000 cu.yd. } was dictated by the number of protons 
to he stored. The shape of the reservoir neened to he 
massive (i. e., almost equal in the three directions) t o 
optimize measurements. Consequently, t he nepth of thp 
reservoir han to he of or der 20 m (70 ft) . As a resu lt , 
a high wiltpr press1lre was exerted on the liner. 

The ilhove operational requirements resulted in the 
following requirements for the liner: 

• Geompmhrane / Water Compatibility. Release of chemicals 
leg. plasticizers} by the geomembrane in contact wi th 
the extremely pure water should he minimal. Tests con ­
ducted at the University of California-Irvine led to t he 
se lection of a high density polyethylene geomembrane. 

• Maximum Leakage. The rate of leakage t hrough the 
liner should not affect the water level more than 
indicated above. It was dete rmi nen that leakage rate 
should be under 40 liters (10 gallons) per minute to be 
compatible with the pumps evacuating leakage to the 
ground surface and the capacity of the purification 
facility to recycle leakage. 

1.2 Site Conditions 

In add iti on to the stringent requirements dicta t ed 
by the physics experiment, equally st rin gent requi re­
ments were dictated by the following si te condi tions: 

• Ris k of Salt Solution. A large portion of the ca vity 
walls consist of mas sive crystall ine salt. Pure wat er 
in contact with salt could result in se ri ous da mage t o 
the walls or even collapse of the cavity. Consequentl y , 
any water leaking through the liner should be collected 
and prevented from direct contact with the salt. 
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• No Emergency Storage Capa city. If it appears neces­
s ary to empty the reservoi r, for repai r or any othe r 
emergency, this can be done only through a pipe going to 
t he ground surface, 600 m (2000 ft) above . It would 
have been extremely expensive to excavate another large 
cavity only for emergency purposes and it was not 
poss ible to spill water into the adjacent salt mine. 
Consequently, the conceptual design had to be such that 
even i f a major l ea k occurred, the leaking water would 
rema in contained in the reservoir area for t he du ration 
of the emptying opera t ion . 

• I r regul a r Shape of the Cavity. The cavity was being 
excavated when the liner design started. It was too 
late to change the shape of the cavity and the method of 
e xcavat i on . Consequently , the following geometrical 
conditions were i mposed for th e design of the liner: 
( i ) cubical shape with rather angular corners (rounded 
corners generate more uniform stresses); (iii) wall 
ir regu l arities caused by the excavation technique and 
large ir regul ari ties at the connect i on between the walls 
and the bulkh ea d which closes the access ramp used by 
exc avat ion equ i pment; and (iii) chain link mesh rockbolt ­
ed to t he walls to prevent spall in g of salt or shale . 

1.3 Des ign Considerations and Requirements 

The ahove operational requirements and sit e 
conditions lead to three major design considerations: 

• Geomembrane Selection. As mentioned ahove, geomembrane 
select i on resulted primarily from pure water / geomembrane 
compatibil ity . 

• Leakage Collection. Zero leakage is impossible to 
guarant ee with any type of liner . Therefore, to meet 
t he above me nt ioned stringent requ i rements regarding 
l ea kage , the fol l owing was don e: (1) through liner 
quality cont rol , ensure tha t leakage from th e res ervoi r 
i s unde r 40 liters (10 gallons) pe r minute; and (2) 
des ign a l eak age collect i on system which: (i) prevents 
wate r/salt cont act, (ii) prevents external "dirty" water 
from co mi ng into the reservoir, and (iii) is able to 
contai n leaking water for t hirty days i f leakage rate 
exceed s pumping capacity. Leakage collection design is 
di scussed in Section 2. 

• Line r Mechanical Behavior. The liner is subjected to 
high stresses as a result of wall irregularities and 
high wate r pressure. A design was conducted t o evaluate 
s tresses, propose measures to alleviate excessive 
s tresses, an d veri fy that 'the selected geomembranf' wou 1 d 
withstand remaining stresses. Mechanical behavior of 
t he lining system is discussed in Section 3. 

2. LEAKAGE COLLECTION 

2.1 Doubl e Liner Concept 

A lining system should always he designed assuming 
that there will be a leak (1) . A single liner was not 
deemed adequate because it -would have been unable to 
pre vent leak ing water from being in contact with salt. 

Desc ri ption of Double Liner. A double liner with two 
dra i nage systems was selected (Fig. 1). The internal 
dra inage system collects water leaking from t he reser­
voir t hrough the inner liner. A pump, located in the 
"c l ean sump", sends this water to the pur i fication 
f ac i lity. If this pump is operated on a regular basis, 
water does not accumulate in the clean sump or t he 
internal drainage system. As a result, the outer liner 
is subjected to negligihle water pressure. Leakage 
through the outer liner should the refore be negligible, 
unless there are large holes at the bottom of the outer 
liner where water leaking through the inner liner flows. 
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The external drai nage sys t em collects: wat er that 
might have leak ed th rough the outer li ne r ; ground wate r ; 
and water that could leak from th e supply pi pe or t he 
adjacent purification facility. The water collect ed by 
the externa 1 dra i nage system is too di rty t o be re cyc l ­
ed. A pump located in the "dirty sump" sends it to the 
ground surface. Being promptly evacuated, th e externa l 
dirty wate r is thus prevented f rom ent eri ng t he inte rna l 
drainage system through holes in th e ou ter l ine r . 

Functions of the Double Line r . The doubl e li ning/doubl e 
drainage system was selected because it nearly meet s all 
design requi rements mentioned in Secti on 1. 3: vi z. (i ) 
it prevents almost completely clean water f rom be in g in 
contact with salt ; and (ii) it prevent s dirty water from 
reaching the internal drainage system and the reservo ir . 

In addition, the vertical sha fts surmount ing the 
t wo sumps would hold water in case of cont i ngency . If 
leakage through the inner line r excee ds t he recycli ng 
capacity,the water leve l would r ise in the "clean shaft" 
t o the same le vel as in the reservoi r, the reby bala ncin g 
pressu re and stopping leakage. However , leakage could 
then occur through the outer l iner because i t would 
become subject ed t o wate r pressure. Th is lea kage would 
be collected by th e external drainage sys tem and con­
vey ed to the dirty sump. I f t hi s l eakage exceeds t he 
capacity of the "dirty pump" , the level of wate r wou ld 
rise i n t he "di rty shaft" , stopp i ng all leakage but 
pu t ting a large amount of water in cont act with the 
salt. In that case, th e rese r voi r shoul d be emptied and 
water in cont act wi th the salt should be eva cuated. In 
t his situation, the dirty wat er can be pu mp ed ba ck into 
the reservoi r during the emptyi ng operat i on, t hereby 
preventing or min imizing damage to the salt cavity . 

The re fore, i t was recognized th at a dou bl e l iner did 
not provide a gua rantee that the rese rvoir wi l l never be 
empt i ed due to 1 eak age . Howeve r, as men t i oned in 
Section 1. 1, interrupting the exper i men t is not cri ti­
cal . The double li ning syst em also provided fo r leaka ge 
detection. Thi s has proved to be essen t ial (!,1) . 
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Fi g. 1 . A double l ining system. Legend: P1 , pump in 
"clean sump"; P2, pump in "dirty sump"; P3, 
pump rejecting dirty water to ground surface ; 
51, "clean shaft"; 52, "dirty shaft". 
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2.2 leakage Evaluation 

The following values of leakage t hrou gh 
liner were deter~ined using equations gi ven in 

the inne r 
(~) . 

pe rmea bi 1 ity 
k; 1O - 13 m/s 

Th e t hic k-

• 0.06 liters/minu t e due to geomembrane 
(assuming a coeffici ent of permea bility of 
which is probabl y conservat ive for HDPE ) . 
ness of the geomembrane is {.5 mm (1 00 mi ls). 

• 15 liters/minute if there is one pi nhole (di ameter 
0.1 mm) per m2 , i .e., a t ot al of 21 00 pinhol es. 

• 50 liters/minute for one 10 mm di ameter hole and 5 
liters/minute for one 3 fTlll di ameter hole , loca t ed in the 
lower half of the reservoir. These t wo val ues were 
calculated assuming a free draining medium ou t s ide the 
inner liner. They should be reduced, cons ider i ng t hat 
such flow rates would locally saturate t he internal 
drainage sys t em. 

Therefore, it was concluded that quality control of 
the installation, particularly the seams, would be 
important to ensure that the maxiumum allowable lea kage 
rate of 40 liters/mi nute is not exceeded. 

2.3 Selection of Drainage Material 

To design the internal drainage system, it was 
conservatively assumed that leakage through each of the 
four wall liners would he ~5% of total allowable 
leakage,i.e., 10 liters/minute (1.7 x 10- 4 m3/s) through 
each wall liner (in reality a fraction of the leakage 
could have been expected through the floor liner). 
Therefore, the required hydraulic transmissi vi ty of the 
drainage system on a 18 m wide wall is : 

1.7 X 10- 4 f 18 ; 1 x 10- 5 m2/s. 

On the floor, where the slope was approximately 4%, 
the requi red hydrau 1 i c transmi ss i vity at the base of the 
wall opposite to the sump is: 

1 X 10- 5 f 0.04 ; 2.5 x 10- 4 m2/s; 

and the required hydraulic transmissivity near the sump, 
where the flow concentrates, was found to be 
4 x 10- 3 m2 /s. 

Gravel was considered as a draining material for 
the internal drainage system on the floor, but gravel 
was deemed too radioactive and too cumhersome to trans­
port to the undergroun d reservoi r. Synthetic drainage 
layers such as geote xtiles, plastic mats an d plast i c 
nets were considered for the floor and t he walls. 
Geotextiles did not have enough hydraulic tra nsmis sivity 
and mats were too compreSSible, losing a large fraction 
of their in iti ally high hydraulic transmiss i vity under 
the design compressive stress (200 kPa, i.e., 20 m of 
water). The high density polytehylene net t ested exhib­
ited little compressibility and had hydraulic 
transmissivity of 4 x 10 - 4 m2/s. Tests to evaluate 
hydraulic transmissivity under compressive stress had 
been conducted at the University of Michigan, using an 
apparatus similar to the one described in (~) . 

Comparing required and measured hydraulic transmis­
sivities, it was decided to use the following amount of 
plastic net: st rips 0.15 m (6 in) wide every 1.5 m (5 
ft) on the wal ls ; a number of layers on t he floor 
progressively increaSing from 2 at the toe of t he wall 
opposite to the sump to at least 10 in the sump area. 

Nets, protected from salt and shale dust hy a 
geotextile filter, were also used under the out er liner 
for the external drainage system. Als o, rec la imed 
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H---- -INNER HDPE LINER 

DRAINAGE NET 

ROCK80LT 

----------- OUTE R H DPE LINER 

CHAINLI NK MESH 

Fig. 2. Cross section showing layers forming the 
double lining system and typical chainlink 
mesh rockbo l t ed t o th e wall (Not to scale). 

conveyor belts were pl aced on 
under the outer liner to en su re 
l i ner whi ch is sub j ec t ed to 
summary of the mat er i als used 
is shown SChematically in Fig. 

the floor of the cavity 
a smooth support for the 
high water pressure. A 

to form t he lining system 
~. 

Net strips used on the walls between the two liners 
as part of the internal drainage syst em were spot welded 
to the outer liner. Also, nets placed on the floor 
(ext ernal and i nternal drainage system) were spot welded 
together to prevent movement during liner installa t ion. 
The drainage sys tem was kept open at top for f ree escape 
of air en t rapped between or under t he liners. 

2.4 Outlet Design 

The "c l ea n' and "dirty" outl et s are part of the 
same concrete s t ructu re present ed i n Fig. 3. This 
st ru ct ure is sep arated f rom the concrete structu re which 
i ncludes the two sumps by a 50 mm polys t yrene foam- PVC 
waterstop joint. Thi s joint allows for fl exibili t y 
hetween t he two st ruc tu res. The out l et concrete struc­
ture i s under the rese rvoir while the su mp structure i s 
under t he bul khead cl os i ng the access ramp us ed by 
excavation equ ip men t . Fo r the sump structu re, the roc k 
and t he l owest bul khead t i mber are solid ly connected by 
the concret e. The outlet concrete st ructure is separat­
ed from the rock by 100 mm f oam j oint s on 3 sides to 
allow the structure to wi thstand a significant reduction 
in the size of the sal t cavity due to salt creep. The 
foam los es approximat ely 70% of its t hi ckness unde r a 
compress i ve st ress of 1 MPa. Stresses of that magnitude 
would be expect ed in the cas e of sa l t creep. Hence, th e 
foam j oints could absorb 14 cm (i .e ., 2 x 10 x 70%) in 
the directi on of the length of th e outlet structure and 
10 cm (15 x 70% ) i n t he direc t ion of the wi dth , without 
damage to the st ructure. Accordi ng to sa lt mine special­
is t s , t hese displa ceme nt s are sma l le r t han salt dis­
placements li kely t o occu r ove r several years. 

471 



Session 58: Leakage Monitoring 

100mm FOAM./" ( ----;. A ~ B 
OUTLtT CONCRETE STRUCTURE 

( b) iNNER LINER 

51 

( C) ~L tlNNER LINER 
0( II )( X )( l("-; O()I ::-: ............ : : :::::: :.,:: :: : 

:::: H D P E : ::: : GEOTEXTILE 
.. ,..,... .. NET .......... .... ~. ." 
WICX.~"~~.~"·~~~~~~~ ~. 

S2 

Fig. 3. (a) Plan view of the concrete structures 
embodying the clean and dirty outlets and 
sumps. Sl and S2 are the clean and dirty sump 
shafts which rise 20 m to the top of the 
reservoir. The 50 mm foam joint separates the 
two structures. The 100 mm foam joint on 3 
sides of the outlet structure separate it from 
the rock. Xl, X2, Y, and Z indicate various 
elevations of the outlet structure shown in 
section views A-A and 8-8 . (b) Section view 
A-A: internal drainage outlet , sump, and 
clean pump, Pl. Ie) Section view R-R: exter­
nal drainage outlet, sump, and clean pump, P2. 
Indicated on the figures are the relative 
arrangements of the 2 HOPE geomembranes, HOPE 
drainage nets, geotextiles, bulkhead timbers, 
and foam-waterstop joints . 
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3. LINER MECHANICAL BEHAVIOR 

3.1 Presentation of the ProbleM 

Prior to first filling the reservoir, t he doubl e 
liner (including the intermediate plastic net spot ­
welded to the outer line r ) i s hung at the top and is 
subjected only to gravity forces. At thi s stage, t he 
liner is in contact with the irregular walls of the 
cavity in a few points. Elsewhere, the l iner is at 
a various distances from the wall. 

The study de3cribed below was conducted to predict 
the behavior of the liner when subjected to water 
pressure and to recommend measures to alleviate stres ses 
likely to be detrimental to the liner. Approximat ely 30 
days are necessary to fill or empty the reservoir. The 
progressive application of water pressure on t he line r 
during filling raised the following questions : (i ) 
Would the water pressure be large enough to force the 
liner to follow the irregular shape of the walls? (ii) 
During the movement of the line r toward s the wall s , 
would the length of the liner increase (i .e. , elongat i on 
of the liner) and/or would the top of the l iner move 
downwards (provided it is not rigidly clamped)? and 
(iii) Would the liner withstand the stresses associated 
with the movements mentioned ahove? These questi ons are 
addressed in Section 3.2. 

In all places where the l iner would come in contact 
with the walls as a result of water pressure, another 
question arose: Would the liner burst through op enings 
of the chain link mesh covering the walls? This 
question is addressed in Sect i on 3.3. 

Stresses l ikely to be caused by other mechanisms , 
such as gravity when the reservoir is empty, temperature 
difference hetween water and walls, and differ ential 
settlement between bottom and walls , were evaluated. 
These stresses appeared to be negligible as compa red to 
the stresses generated by water pressures discus sed in 
the next two sections. 

In the analyses presented in the next two sections, 
the tensile behavior of the liner is the important 
characteristic to consider. The 2.5 mm (100 mils) thick 
geomembrane used for both liners had a tensile beha vior 
typical for HOPE. The yield characteristics were ap­
proximately: lD% elongation, 20 MPa for the stress and, 
consequently, 50 kN/m for the force per unit width. The 
elongation at failure i s of the order of 800%. 

3.2 Liner Displacement Caused hy Reservoir Filling 

Survey of the Walls. To evaluate what would be the 
distance between the liner and the cavity walls , 52 
vertica l profiles of the walls were surveyed prior to 
liner installation . The 12 profiles surveyed on the 
Fast wall are shown in Fig. 4a. Also, the shape of t he 
corners between walls and between wall-floor int ersec­
tions were recorded. Typically, the radius of curvature 
at the corners was 0.6 to 0.9 m (2 to 3 f t ) . At the wall 
floor intersection, typical curvatures were 0.3 to 0.7m. 

In the analysis, the likely location of th e line r at 
the end of installation was determined by assuming tha t 
the liner was in contact with a numbe r of protruding 
zones on the walls and was bridging the relative 
depressions between the protruding zones (Fig. 4b). The 
depressions were identified and recorded with their 
length, width, depth (relative to the assumed geomem­
brane location), and altitude. Also, the corners of the 
cavity were considered as depressions. Th is assumption 
proved to be correct, since during the installati on it 
was not possible to place the liner in close contact 
with the wall at all points along the vertica l corners. 
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Fig. 4. 

TOP EAS T WAL L 
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(a) Sur veyed shape of t he East wall of t he 
ca vity aft er exca vati on. (b) Assu med sha pe of 
of the geomembra ne after installation. 

Max imum Ve rtical Di splaceme nt . The f i rst step of the 
analysis consist ed of eva luat i ng the maximum vertica l 
di splacement of th e t op of t he li ne r dur i ng the first 
filling. Assumi ng t ha t th e l in er would be pushed 
against the ca vity wall by t he water pres sure , the 
predicted ve rt i cal displacement wa s the dif f erence be t ­
ween wa l l length (RR1B2B3CC10 , in Fi g. 4b) an d liner 
length (BCD , i n Fi g. 4h ) . Val ues between 0 . 3 and 0.5 m 
(12 to 20 in. ) were obta i ned. As a resu lt, it was 
decided to hang t he l i ner f rom adju sta ble cha i ns in st ead 
of the t radi t ional r i gid clamp ing cons i dered ini ti ally . 

The pred icted valu es of the vertical di splacement 
mentione d ahove we re be li eved t o he up pe r hounda rie s 
because part of the movement of the line r t owards t he 
wa ll results fr om l iner elon gat i on rathe r than verti cal 
displa cement. Howeve r, vertical di sp l acement s observed 
after t he fi rst fi lling were slight ly l ar ge r t han 
predi ct ed (ma x. observed valu e -0 . 6 m) . Possibl y , thi s 
could be due to t he curved shape of the l iner near the 
f l oor (CD' i nstead of CD in Fig . 4b) . Also , depressions 
against whi ch the line r exh ibi ts elongat i on wit hout 
vert ical di sp la cement are small depress i ons not shown in 
Fi g. 4b. Thes e small de pres si ons were not conside red 
i n t he evalu at i on of t he wal l prof ile length. 

Pressure-Def lecti on Relat i ons hi p. A prellml nary study 
was conduct ed us i ng the cha rt presen t ed 1 n (6). Thi s 
chart had been estab li shed as sumi ng t hat the lTner ,would 
not move outsi de th e depres sion area . This worst case 
situation gives t he ma xi mum l ine r el onga t i on . The 
pressure-deflection ana lys i s showed t hat the pres sure 
exerted by 0 to 3 m (1 0 ft) of wate r wou ld be suff i cient 
to place the liner in conta ct wi th t ypical lar ge 
depressions of the wall, but , in severa l cases , wou l d 
cause yie l d of t he liner . This analys i s con firmed t hat 
it was important to at tach the top of t he liner in such 
a wa'y t hat it could move as freel y as possible . 
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To better model the behavior of the li ne r , an 
ana lys is was made, assuming f ri ction between the li ner 
and the wall (Fig . 5). The lengthy analysis ca nn ot he 
reproduced he re . However , it led to t he chart presented 
in Fig. 5c . Usi ng t his cha rt fo r typi cal depress i ons of 
the wall showed that the wate r pres sure necessary to 
pu sh the l i ner i n cont act with the wall di d not depen d 

I .. L "I 
N Y X M 9 I 

III ~" ~b~ #I ~ 7/l ~ 
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(C ) 

0.5 

Li b 
20 15 10 5 10 15 20 

E(%) 

03 

0.4 

Fig . 5. Theoretical ana lys is of a geomembrane sl i di ng 
wi t h frict i on when pushed into a dep ressi on by 
wat er pressure: (a ) In it i al pos i t ion of t he 
geomembrane; (b) Fina l posi t ion of t he geomem­
brane afte r slidi ng (beyond a cer t ai n l en gth L, 
ten si l e stresses cannot ove rcome fr i cti on) ; (e ) 
Chart. Knowing th e geomembrane tensi le st iff­
nes s (i .e ., mo du lus x thick ness) , t he water 
pres sure p, and t he width b of t he depress ion, 
the ch art gives t he def lection y and t he length 
L def ined above (Note : for ~ =90°, L=O) . 
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significant ly on the friction an gle between t he liner 
ann t he wall. The ref ore, t hi s analysis confi rmed that a 
pres surp of 0-3 m (10 f t. ) of wate r would be su ff icient 
to place th e l i ne r i n cont ac t with la rge dep ressions 
(typi ca ll y 2 m wi de ) of the wa 11. Ot her fi ndi ngs of the 
analysis were as fol lows: 

• A length of typ ical ly 2 to 4 m (6 to 13 ft ) of liner 
could move towards a t yp ical l arge depression (2-3 m) , 
dependin g on the fr ic tion angle. Compa r i ng this length 
to the above ment i oned height of water shows t hat, in 
most cases, t he port ion of the l i ner l oca ted above a 
large depression woul d move t oward t he depres s lon before 
there is en ough water pressu re to mobi li ze fr iction and 
block downwarn mo vements. 

• The si t uat i on appeared more criti ca l for the por­
tions of l ine r located agai ns t vertical corners between 
two wall s beca use horiz ont al movements of th e li ne r are 
not as free as ve rt i ca 1 moveme nt sand becau se wat e r 
pressure is higher at the l eve l of a de press ion th an 
above. Stresses in the line r appea red to be close t o 
yield stress if the l i ne r was pl aced at dis ta nces from 
the wa l l of th e order of 0.6 m (2 ft) or more. It was 
therefore j ud ged ext remely i mportant to pla ce the liner 
as close as poss ibl e to t he wa l l i n t he corn ers. 

• The same ana lysis app lied to smal l er depres s ions 
(typically 0. 5 m wide) showed that a f raction of the 
movement of the li ner toward s the depression would 
re sult from el ongat i on of the l i ne r. This occurs because 
the height of wa t er necessary t o push t he liner into the 
depression is of order 10 m (33 f t ) which causes 
friction t o block vertical mov eme nt s of t he liner. 

3.3 Liner/Support Interacti on 

Openi ngs of the chain lin k me sh were 55 mm x 55 mm. 
A theoreti ca l analys i s was conduct ed to stu dy the 
behavior of th e li ner. Prel i min ary calc ulations were 
made to determine in wh at st ress condition the liner 
would be. It ap peare d t hat t he deflect i on was too large 
to consider pure bending and t oo sma ll to cons i der pure 
tension. A combined bendi ng-t ensi on an alysis was con­
ducted and led to the conclus ion that de flection of the 
liner over a chain link me sh ope ni ng woul d be about 3 mm 
and stresses wo uld be about 10 MPa (1450 ps i ) , whi ch is 
approx i ma tely one-ha lf t he yield stres s . This ma r gin of 
safety was judged i nsu f ficie nt bec au se of the potential 
addition al st resses lik ely to res ul t f rom el ongat ion of 
th e li ner to reach the ch ai n li nk mesh and becau se of 
the de crease of yie l d st re ss wi th ti me due to creep. 
Therefore , it was deci ded t o co ver th e l owe r 3 m (10 
ft) of th e wal l s with polyet hlyene or othe r prot ective 

Fig. 6. Ph otograph of the testi ng app arat us. 
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plates placed on the chain link mesh. Also, polyethy­
lene plates were placed on all rockbolts to prevent 
direct contact between the liner and the rock bolts. 

Laboratory tests were conducted at The University 
of Michigan to evaluate the effect due to water pressure 
preSSing the HOPE geomembrane against the chainlink mesh 
and rockbolts on the cavity walls. The actual testing 
apparatus is shown in Fig. n. These tests verified that 
the HDPE l i ner would not be damaged. 

CONCLUSION 

When the Proton Decay Experiment reservoir was 
designed, some of the analyses conducted were considered 
very sophisticated, even excessively sophisticated. In 
fact, the very careful monitoring (2,3) of this reser­
voir shows that the actual mechanicaT behavior of the 
liner is even more complex than considered at the design 
stage. With the better knowledge gained today it would 
be possible to in cl ude in the design: (i) superposition 
of stresses resulting from a small depression into a 
large depression; (ii) combined effects of creep and 
yi e ld; and perhaps, (iii ) failure mechanisms linked to 
molecular reorientation of the high density polyethy­
lene. On the other hand, the conceptual and detailed 
rlesign of the leakage collection system would prohably 
be done today identically. The use of plastic nets 
which was then a premiere for leakage collection and 
detection is now becoming a widely accepted practice. 
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