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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. 
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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 
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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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