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Figure 10 Section through wood, rubble, concrete blocks and metal pipes 

4.2.1 WAMAC Containers 

A specific possible risk was identified at the expert elicitation meeting [2], pertaining 
to the WAMAC containers. These contain compacted organic wastes and therefore 
may have greater propensity to settlement wastes from other sources as a result of 
the biodegradation of the organic wastes.  However, detailed assessments [4] show 
the WAMAC containers have typically around 10-15% soft organics, Type 1 
cellulosics (range 0 - 21%) and around 5% wood Type 3 (range 0 - 11%) by volume.  
These wastes are well distributed and not significantly different from distributions in 
other containers.   It is therefore not required to address the potential settlement and 
differential settlement for WAMAC containers differently than for other containers.  
Figure 11 shows compacted WAMAC containers in grout. 
 

 

Figure 11 Section through compacted 1 m3 boxes and compacted 200l 
drums   



Cap Settlement  

 

LLWR/ESC/R(10)10036(Version 3)                                                   P24 of 42 

4.3 Quantification of vault settlement as a result of initial 
voidage 

Initial voidages within the vaults system have been discussed in sections 2.3.2 and 
2.3.3.   There is some 2.5% external voidage surrounding the HHISOs and a further 
3% within the HHISO ‘internal’ packing.   
 
Table 7 gives an indication of times for degradation of the HHISO steel structure 
based on values of corrosion rates from elicitation [2].  The corrosion rates are 
assumed constant with time, i.e. no delaying effect from the corroded layer, which 
may inhibit progress of corrosion.  The calculations assume 20 years of aerobic 
corrosion then anaerobic conditions.  The HHISOs have about 3mm of plate steel.  
For 2mm of corrosion proceeding from the outside only in this case, and for the best 
estimate corrosion rates, structural integrity could be lost in some 320 years.  
However, the elicited range gives the possibility of degradation times from some 10 
years to 20,000 years.  Some HHISOs have been standing in Vault 8 for more than 
20 years.  Inspections [9, 10] show signs of minor, localised corrosion, but nothing 
approaching structural failure.)   It should further be noted that the walls include 
thicker structural elements; performance is likely to be complex and localised rather 
than there being any single failure mechanism.  No degradation-related settlement is 
assumed prior to capping, which is the conservative assumption with respect to cap 
performance.   
 
Table 7 Corrosion of HHISO Containers 
 

  

Aerobic 

corrosion rate 

Anaerobic  

corrosion rate 

Time to 2mm 

of corrosion 1-

sided  

Corrosion rates μm/year μm/year years 

Central  25 5 320 

High rates 200 1000 10 

Low rates 1 0.1 19820 

High no microbial 200 50 10 

 
The steel of the HHISO sides occupies some 0.4 cu.m per 20 cu.m = 2% by volume.  
As corrosion proceeds, the container metal is thus expected to expand by an 
equivalent amount or more and change from structural to occupying most of the 
surrounding voids, i.e. probably all or most of the 2.5% external voidage surrounding 
the HHISOs.  It is reasonable to take this expansion as primarily lateral, 
perpendicular to the HHISO sides.  Until the container corrodes, settlement will not 
occur. 
 
There is then a further 3% within the HHISO ‘internal’ packing.  (Expansion due to 
corrosion will tend to take up any such available adjacent voidage – see below). 
 
There is also some limited ‘inaccessible voidage’ within the HHISOs that may not fill 
with grout, assessed by Wood [9] to be normally within 1%. Conservatively assuming 
that all this voidage could translate into settlements gives the settlement assessment 
figures shown on Table 8, related to the various stack heights, i.e. about 220mm for 4 
HHISOs and approaching 500mm for 9HHISOs. 
 
 



Cap Settlement  

 

LLWR/ESC/R(10)10036(Version 3)                                                   P25 of 42 

Table 8 Settlements due to voidage 
 

      Settlements in mm  

No of HHISOs     
% Void 

4 5 6 7 8 9 

Packing Voids    3.00 163 204 245 286 326 367 

Inaccessible Voids    1.00 54 68 82 95 109 122 

Total       4.00 218 272 326 381 435 490 

 
Development of these void-related settlements may be considered to proceed at the 
same rate as degradation settlements within HHISOs (see section 4.4 below).   A 
single unified approach to rate is considered appropriate albeit this may slightly over-
predict amounts and rates of settlements.  
 
The void-related settlements are averages over areas of similar height and therefore 
do not tend to contribute to differential settlements – for which see section 4.5 below.   

4.4 Quantification of waste degradation  

4.4.1 GRM approach 

 
Figure 12 (Figure C5 of [3]) gives settlements at 1000 years of 820mm for Vault 8; 
440mm for Vault 13; 320mm for Vault 9 and less for other vaults.  These are averages 
across each vault (i.e. total mass in Vault divided by area, for effects of differing stack 
heights see below.)   
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Figure 12 Weighted average settlement of vaults due to cellulose 
degradation  

 
The vaults have varying stack heights, from 4 to 9 HHISOs.  Corresponding 
settlements are given in Table 9 
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Table 9 Vaults Settlements due to degradation 

No of 

HHISOs        4 5 6 7 8 9 

Ht of 

HHISOs        5.44 6.8 8.16 9.52 10.88 12.24 

  Sd (mm) H (m) S (%) Settlements in mm  

Vault 8   820 8.16 10.05 547 683 820 957 1093   

Vault 9   330 8.16 4.04 220 275 330 385 440 495 

Vault 10   205 9.52 2.15 117 146 176 205 234 264 

Vault 11   120 9.52 1.26 69 86 103 120 137 154 

Vault 12   140 9.52 1.47 80 100 120 140 160 180 

Vault 13  440 9.52 4.62 251 314 377 440 503 566 

Vault 14  190 9.52 2.00 109 136 163 190 217 244 

 
In this table Sd is the settlement at 1000 years for each Vault, based on Figure 12. 
Dividing by the average height H gives the percentage settlement S%, which can 
then be used to determine settlements for the various relevant stack heights.   
 
If the rates of waste degradation are less than predicted, then the effect of the 
degradation settlement will be less in the timeframe of concern.  (The assessment of 
calculations assumes that the low permeability layers of the cap only provide a 
function up to 1000 years).  From the figures and associated explanation provided 
below, it is concluded that the results used from the GRM model are pessimistic and 
envelope lower degradation rates. 
 
Figure 13 shows the cellulose reduced to about 10% of its original value at 1000 
years for each vault.  This is equivalent to a Degradation Settlement Factors Fds = 0.1 
giving rather greater settlements than the 2002 value of 0.25 for the vaults (range 0.1 
to 0.33).  It is also less than that for the trenches GRM modelling (0.2). 
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Figure 13 Mass of cellulose in vaults, simulated by the GRM reference 
calculation. 
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Figure 14 (Figure C3 of [3]) shows the effects of assuming a degradation rate 10 
times slower for the cellulose in the vaults, ‘which might be more realistic, given the 
physical nature and water content of compacted cellulose’ [3].  This shows the 
cellulose reduced to only about 60% of original at 1000 years (Fds = 0.6).  If so, 
settlements at 1000 years will be less than half those tabulated above.  A validation 
study (Small et al 2008) [11] suggested rates 0.5 that of the reference case better fit 
data from the TVO gas generation experiment.  The rate 10 times slower was 
considered as a lower bound.   
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Figure 14 Mass of cellulose in vaults, simulated by the variant calculation 
with 10 times slower cellulose hydrolysis rates. 

4.4.2 Comparison with 2002 approach 

A similar approach to that used for the 2002 PCSC [12] has also been investigated 
as a check on the settlements of waste within the HHISOs.   Values of the 2002 
degradation settlement factors (Fds) are given in Table 11 below.  These are 
generally fairly similar to those for the trenches but higher for biodegradables.     
 
Table 11 Vaults Degradation Settlement Factors  

Classification    metals 

cement/ 

concrete grout  

In-

organics organics  biodegradables 

Best 

Estimate   1.2 1 1 0.85 0.8 0.25 

Upper bound    1.3 1 1 0.95 0.9 0.33 

Lower bound    1.1 0.95 0.95 0.75 0.7 0.1 

 
These factors have been multiplied by the proportions of the various waste types 
based on the inventory data on to arrive at predicted settlements within the HHISOs 
(using spreadsheet developed by Alan Paulley July 2010 for compatibility with 
general assessments and GRM modelling assumption [15]). 
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The HHISOs contain on average some 60% waste and 40% grout with Fds grout = 1 
i.e. taken as non-settling.  The major influence is again the biodegradables 
(approximately 11% of the waste by volume, 6% of the HHISO volume).  The various 
other wastes have  limited effects (and the metals give some compensating 
expansion) leading to 1.96% best estimate settlements, giving the figures of 107 to 
240mm for the various different stack heights, as listed below.  The upper and lower 
bound Fds values lead to 4.91% and -0.13 % (heave) respectively and the 
corresponding further estimates shown. 
 
Table 12 Settlements – 2002, Paksy Approach  

No of HHISOs   4 5 6 7 8 9 

Height of HHISOs  m 5.44 6.8 8.16 9.52 10.88 12.24 

long term % Settlements in mm  

Best Estimate 1.96 107 133 160 187 213 240 

Upper Bound   4.91 267 334 401 467 534 601 

Lower Bound  -0.13 -7 -9 -11 -12 -14 -16 

 
These are long term settlements, up to virtual completion at 1000 years.     
 
The settlements arising from degradation within the HHISOs are thus predicted at 
240mm, conceivably up to 600 mm for 9HHISOs and correspondingly less 
elsewhere.   
 
These may be compared with those predicted by the GRM approach, Table 9.  The 
predictions for most vaults agree rather well using either approach.  Vault 13 is near 
the upper bound, due to the relatively high cellulose content in the inventory for this 
vault.   
 

4.4.3 Combined Effects of Initial Voidage and Degradation on General 
Settlement 

 
Combining the settlements due to degradation shown in Table 9 with settlements due 
to voidage, Table 8, gives the total settlement values as shown in Table 10 below.   
 
Table 10 Vaults Settlements due to voidage plus degradation 

No of HHISOs  4 5 6 7 8 9 

Ht of HHISOs  5.44 6.8 8.16 9.52 10.88 12.24 

        Settlements in mm  

Vault 9         438 547 656 766 875 985 

Vault 10         335 418 502 586 669 753 

Vault 11         286 358 429 501 572 644 

Vault 12         298 372 446 521 595 670 

Vault 13        469 586 704 821 938 1055 

Vault 14        326 408 489 571 652 734 

 
The maximum settlements for future vaults are thus up to 1055mm for Vault 13 and 
985mm for Vault 9, in each case for the highest stacks, 9HHISOs and less generally.    
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Vault 8 has been addressed in more detail by the GRM model.  This gives a 
maximum of about 1180 mm for a limited central area of 8 HHISOs, and 
proportionately less for less high stacking, due to the high cellulosics contents in 
Vault 8 to date.  They do not pose undue risks to the cap at the crest location, where 
settlement will be extensively spread and may steepen the gradients locally up to 
approaching 1 in 10.   It is recommended to manage future HHISOs in Vault 8 to less 
than 10 % biodegradable (plus inaccessible voids) within the top 2 containers in each 
stack and indeed as low as possible to keep future settlements here as low as 
practical.    
 
The effects of containers with high metal contents are likely to lead to reductions in 
these values, as discussed in Section 4.7.  
 
It is concluded that general settlements due to voidage and biodegradation of 
cellulosics can be taken as limited and manageable, within the capacity of the cap. 

4.5 Vaults – Assessment of Differential settlements 
The above settlements are expected to be mainly uniform, in proportion to stacking 
heights i.e. areas with 8 HHISOs will settle twice as much as those with 4 HHISOs.  
These will be limited and not pose significant risk to the cap.   
 
The most critical areas of the Vaults cap will be the crest and western perimeter 
edges where the total settlements are relative to non-settling areas.  Figures 14 to 16 
(overleaf) give east – west cross sections through these showing the effects of the 
settlements assessed above.   
 
The crest area, Figure 15, will simply steepen on the upslope side, with no significant 
adverse effects.  Strains will be small, within 1%.  This assessment conservatively 
ignores the settlements from the adjacent Trench 3 (see section 3), which will tend to 
reduce the differential settlements on the upstream slopes.  
 
Conversely the perimeter edges will tend to flatten.  This will be accommodated by 
suitable detailing of the edge slopes, as shown on Figures 16 and 17, to give smooth 
transitions and acceptable gradients during and post-settlements.  
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Figure 15 Effects of Settlements.  Vault 9.  Eastern Area 

 

 

Figure 16 Effects of Settlements.  Vault 9.  Western Area 

 

Figure 17 Effects of Settlement.  Vault 14. Western Area 
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Figure 18 gives north-south cross sections.  These show similar and manageable 
settlements and differential settlements for the various stacks.  The maximum is 
Vault 8 with potential settlements in the range 580 to 1160mm, which can be 
accommodated by the cap as previously discussed in section 2.2.  
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Figure 18 Settlement after 100, 500 and 1000 years of individual cells of the 
GRM representing the Vault cells, running from Vault 8 in the north 
to Vault 14 in the south.  
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4.6 Quantification of Differential Settlement  
High percentages of biodegradable materials in particular stacks could greatly 
increase differential settlements relative to adjacent stacks.   This could lead to 
excessive differential settlements if a quantity of any such HHISOs were combined in 
a single stack.  This assessment is conservative as it assesses the impact of a single 
stack surrounded by stacks without significant voidage.  In practice all stacks can be 
expected to have some voidage, so settlements will be spread more widely. 
 
Noting the degradation and corrosion mechanisms described above, voidage due to 
degradation will tend to be contained (rather than lead to settlement) until 
corresponding degradation of the surrounding grout and steel occurs.  Movements 
will then tend to a plastic flow mechanism as illustrated in Figure 19, conservatively 
assessed as 2 dimensional, i.e. a 3 dimensional approach would generate lower 
settlements.  This takes a zone of influence based on a 45 degree spread which is 
conservative, giving a width of twice the depth.  (Experience from tunnelling shows 
widths of settlement troughs at surface about three times the depth, in which case 
corresponding settlements ‘s’ would be less and gradients due to differential 
settlements less adverse.)     
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3 2.4 1.36 245 10.56 64 232

4 2.4 1.36 245 13.28 56 288

5 2.4 1.36 245 16.00 50 338
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7 2.4 1.36 245 21.44 40 422

8 2.4 1.36 245 24.16 37 459

9 2.4 1.36 245 26.88 34 493
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s

 

Figure 19 Effects on cap of settlements from HHISO stack with 20% 
Biodegradables 

A stack 9 HHISO high with 20% biodegradable content by volume would thus give 
some 500mm differential settlement of the cap at surface.   
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The said 500mm differential settlement would not pose a significant risk to the cap 
and would give acceptably low strains of within 1%, as further discussed in [1].   It 
would increase the 1 in 25 cap gradient to about 1 in 16 on the upslope side and 
maintain a just positive fall on the downslope side. The integrity of the cap is not 
likely to be compromised for such differential settlements.   
 
From this, the allowable percentages of biodegradable materials in a stack of any 
height to limit these differential settlements to 500mm can readily be deduced, as 
follows.  
 
Table 15   Vaults:  Allowable % biodegradables to limit differential settlements 
to 500mm 

HHISOs  Height Allowable 

No.  m B %
5
 

4 5.44 35 

5 6.8 30 

6 8.16 26 

7 9.52 24 

8 10.88 22 

9 12.24 20 

 
HHISOs indicates the number of HHISOs in a stack, each having B% 
biodegradables.  It can also be used for e.g. the top 4HHISOs in a higher stack 
where the HHISOs below are average values.   
 
The following however should be noted in relation to the % listed in Table 15. 
• B% is the percentage of biodegradable material (by volume, after grouting) in any 

standard container to keep differential settlements at surface to within 500mm.   
• B% may not be exceeded in the said stacking.  It is not an average in the said 

stack height since the effects at surface vary with depth.  

• The will be some scope for higher percentages in low HHISOs, but this is 
probably too complex for most practical operational purposes.   

• It would be possible to have 4HHISOs at 35% biodegradables if the underlying 
were all at the average value (not exceeding 10%).  

• B% should be reduced proportionately to allow for % inaccessible voids.  (The 
total settlements allow for 1% inaccessible voids, so strictly 5% inaccessible 
voids reduce B% by 4% rather than 5%, but too detailed for practical use.)  

 
Figure 20 overleaf considers excluding high biodegradables from the top two 
HHISOs in any stack.  Table 16 shows the resulting % biodegradables in the 
remaining HHISOs below to keep surface settlements within 500mm.  In this table, 
HHISOs indicates the number of HHISOs in a stack, below the top 2, each having 
B% biodegradables.  It can also be used for e.g. the 2HHISOs in a stack of 4 (or 
more) where those above are average values.  In a stack of 9, the lower 7 would 
need to contain less than 31% biodegradables and so forth.   
 
Rather than actually permitting higher biodegradable contents, it appears preferable 
to use this approach to provide tighter controls on the settlements.   

                                                
5
 Figures are to nearest percentage; no greater accuracy warranted here 
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Figure 20 Effects of 30% Biodegradables on cap, excluding from top two 

HHISOs 
 
Table 16   Vaults  Allowable % biodegradables to limit differential settlements 
to 500mm (for case where top 2 HHISOs controlled to not exceed 10% 
biodegradable) 
   

HHISOs  Height Allowable 

No.  m B % 

      

2 2.72 83 

3 4.08 59 

4 5.44 47 

5 6.8 39 

6 8.16 34 

7 9.52 31 

 
Note:  HHISOs – number in stack, below the top two.  See text for interpretation.   
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4.7 Vaults - Effects of metals  
For metals grouted into the HHISOs at the best estimate some 33% could have 
undergone corrosion and expansion in 1000 years, Table 13.  This is based on the 
metals all being 3mm plate with corrosion proceeding from just one side, but would 
equally apply to thicker steel bars of say 6mm thickness corroding from both sides.  
However, the elicited range is large and suggests the amount could vary from only 
3% to 100% (reached after only 30 years) 
 
Table 13 Corrosion of Mild Steel – Vaults 

  

Anaerobic  
corrosion 

rate 

Time to 
3mm of 

corrosion 
1-sided  

Time to 
3mm of 

corrosion 
2-sided 

Metal corroded 
after 300 years    

1-sided  

Metal corroded 
after 1000 
years     1-

sided 
Corrosion 
rates µm/year years years % % 

Central  1 3000 1500 10 33 

High rates 100 30 15 100 100 
Low rates 0.01 300000 150000 0.1 0.33 

  
For the higher proportions of metals, a significant proportion will be steel reinforce-
ment for concrete in the range of 12 to 32mm bars.  A typical 25mm bar would 
experience about 15% corrosion in 1000 years.  Thicker metals (corresponding to 
higher proportions of metals) would be correspondingly slower.  10mm will be 
completely corroded in some 10,000 years, decreasing to 5000 years if corrosion 
occurs on both sides. These figures also assume corrosion starts immediately (rather 
than when the HHISOs and grout around the waste degrades) and that the process 
itself and surface effects do not inhibit rate of progress. There are thus reasons to 
believe corrosion may be rather slower than indicated in Table 13.     
 

Table 14 Vaults - possible heave due to metal corrosion 

HHISOs  Height Metals 

1D 

expansion  

3D 

expansion  

No.  m % volume mm mm 

     

4 5.44 17.00 305 70 

5 6.8 17.00 381 88 

6 8.16 17.00 458 105 

7 9.52 17.00 534 123 

8 10.88 17.00 610 140 

9 12.24 17.00 687 158 

 
The probable volume expansion on corrosion (from elicitation [2] and with reference 
to standard figures for steel on corrosion [14]) is a factor of 2 with a higher figure of 
up to 3 possible.  For the average inventory figure of 17% metals, if this expansion 
were all vertical (i.e. 1 dimensional only) this would give some 687mm expansion for 
9HHISOs as listed in Table 14 below. This would reduce, or conceivably even 
eliminate, the predicted settlements.  
 
This should be set against the settlements discussed above and could reduce the 
settlements to less than half of the values assessed in Table 10.  However, it needs 
to be kept in mind that amounts and rates of degradation of different materials vary.   
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It is more likely that the volume expansion will take place in all 3 dimensions, tending 
to fill available voidage and compact less dense wastes.  For a volumetric expansion 
of 2, the uni-directional, vertical expansion factor may thus be about 23%, at 1000 
years, as summarised in Table 14 column 3D, in which case there would be 
correspondingly less reduction in the settlements.  
 
This is consistent with the experts view in the elicitation [2] that heave (i.e. an overall 
rise in the cap) is not expected within 1000 years.   

4.8 Summary 
The HHISOs are expected to degrade over a lengthy period, with a central value of 
about 300 years, but conceivably anything from 10 to 20,000 years.  As this occurs 
the steel containers will corrode and expand into the available space (around 2.5% 
by volume), giving little of no net volume change. 
 
The biodegradable materials grouted within the HHISOS will degrade at rates that 
may be similar (or considerably faster or slower) than the containment steel and 
grout.  The controlling factors on related settlements will be the degradation of the 
grout and in some cases metals within the HHISOs.   
 
Degradation of the biodegradable materials could lead to settlements of some 130 to 
600mm, proportional to height of stacking and percentages thereof.  These in 
themselves are manageable.  (The existing Vault 8 gives higher, up to about 
1100mm, still manageable, see below).  
 
There are some 3% packing voids within the HHISOs and typically up to 1% 
inaccessible voids.  If all these resulted in corresponding settlements, they would 
give some 220mm for the 4 HHISOs increasing to 490mm at 9HHISOs.   
 
The foregoing assume all volume change translates into settlement, which is 
conservative.   
 
The vaults contain substantial amounts of metals, which will expand on degradation. 
For the average of 17% metals by volume the best estimate is approaching 700mm 
vertical expansion for 9HHISOs by 1000 years i.e. this could offset and conceivably 
even exceed settlements.  This results in the overall balance of a probable small 
range of differential settlements, possibly up to 500mm, but probably within 200mm.    
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5 Waste Acceptance Criteria / Emplacement 
Strategy Recommendations 

Additional controls on waste acceptance criteria (WACs) and/or emplacement are 
recommended to limit the uncertainties and potential for differential settlements as 
follows. 

� The Consignors must advise % biodegradables and % inaccessible voids.  
Steps should be taken by consignors to minimise both (biodegradables 
through incineration) 

� WAC Limits are 30% biodegradables and 5% inaccessible voids.  These 
allow LLWR to manage the emplacement of containers within the vault and 
are not related to directly to the settlement but are convenient triggers for 
action.  (This could be relaxed in certain cases but would be too difficult to 
manage on a routine basis.) 

� Emplacement Strategy:  General Rule: The higher the % of biodegradables, 
inaccessible voids or metals, the lower in the stack they should be placed. 

� If %biodegradables plus % inaccessible voids: > 10% do not place in the top 
2 rows of any stack (top 3 for 9 high).  Total %ages between 20% and 35% 
require further control but this can be accommodated.  This is dependent on 
the other containers in the stack and a simple spreadsheet can be created to 
look at the cumulative effects.   

� Metals exceeding 25% by volume should be recorded and not placed in the 
top 2 rows of any stack (top 3 for 9 high).  (Such containers would be very 
heavy, in excess of 60 tonnes, and few are likely.) 
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Appendix 1   
Compressibility of Municipal and Similar Wastes.  Literature Survey 2011  



AECOM LLW Repository Ltd.  - Repository Development to Vault 11  C19 
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Annex C3: Slope stability 
analyses 
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Description: Waste Material     Wt: 15     Cohesion: 1     Phi: 17     
Description: Drainage Layer     Wt: 19     Cohesion: 0     Phi: 30     
Description: Biointrusion Layer     Wt: 18     Cohesion: 0     Phi: 30     
Description: Filter Layers ( Sand)     Wt: 18     Cohesion: 0     Phi: 28     
Description: Moisture Retention Layer (Silty Clay)     Wt: 18     Cohesion: 0     Phi: 28     
Description: Surface Soil (Silt)     Wt: 20     Cohesion: 0     Phi: 19     
Description: Profiling Fill (Clay)     Wt: 20     Cohesion: 1     Phi: 27     
Description: Gas Collector     Wt: 18     Cohesion: 0     Phi: 29     
Description: Geo Membrane Barrier (Clay)     Wt: 20     Cohesion: 0     Phi: 25     
Description: Soil Protection Layer (Clay)     Wt: 20     Cohesion: 1     Phi: 19     
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