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ABSTRACT 

Shallow-land burial of low-level radioactive wastes 1s frequently 
followed by subsidence: the slumping, cave-1n, or depression of the trench's 
surface. This report describes and evaluates the measures proposed for 
correctlnq subsidence, Including ro l ler compaction, grouting, explosives, 
surcharging, fa l l ing mass, pi le driving, 1n situ Incineration, and 
accelerated decomposition. Subsidence, which has occurred at all the major 
waste disposal sites, has two major causes: f i l l i n g of packing voids (spaces 
between waste containers) and f i l l i n g of Interior voids (spaces within 
containers). Four additional mechanisms also contribute to subsidence: 
collapse of trench walls, chemical and biological degradation, soil 
consolidation, and shrink and swell phenomena. 

Corrective measures for subsidence are evaluated on three c r i te r ia : 
effectiveness, appl icabi l i ty , and cost. The evaluation Indicates that one 
method, fa l l ing mass, 1s considered to be effect ive, widely applicable, and 
re lat ive ly low 1n cost, suggesting that this would be the most generally 
useful technique and would yield the greatest payoff from further 
development and f i e ld t r i a l s . There are many uncertainties associated with 
the cost and effectiveness of corrective measures which can best be resolved 
by experimental f i e ld demonstrations. Site-specific analyses for each 
disposal area are recommended, to determine which techniques are appropriate 
and to evaluate the overall desirabi l i ty of applying corrective measures. 
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1. INTRODUCTION AND SUMMARY 

1.1 PURPOSE AND SCOPE 

Disposal of low-level radioactive wastes by burial in trenches 1s frequently 
followed by slumping, cave-1n, or depression of the surface, technically 
referred to as subsidence. This phenomenon promotes entry of water into the 
disposal trench, thus increasing the probability that radioactive substances 
can be leached from the burled waste. The Nuclear Regulatory Commission 
(NRC 1982) has recently revised Its regulations governing low-level 
radioactive waste disposal (10 CFR 61), and subsidence 1s to be prevented in 
the future through modifications 1n trench design, changes 1n handling and 
packaging of waste, and use of different methods of f i l l i n g and closing 
trenches. However, subsidence 1s occurring 1n many existing trenches or 
wi l l occur 1n the future. This report is concerned with the corrective 
measures that may stabil ize subsidence in trenches that are already f i l l e d 
and dosed. 

This report reviews corrective techniques for subsidence 1n terms of their 
effectiveness 1n preventing or arresting various subsidence mechanisms, 
applicabil i ty 1n different soils and hydrologlc regimes, and costs. The 
purpose of the report 1s to provide basic information about the corrective 
methods so that appropriate techniques can be specified for a given 
circumstance. In compiling descriptions of the corrective measures, 
information was gathered on practices used in sanitary landf i l ls and in 
construction of embankments, dams, roadbeds, and building foundations. The 
corrective measures include methods for (1) compacting the contents of 
trenches by various means, (2) f i l l i n g void space 1n trenches by grout 
injection, and (3) promoting the oxidation of the content of trenches and 
f i l l i n g the subsidence which results. Corrective measures that were 
considered include rollers and vibratory compaction techniques, grouting, 
explosives, surcharging, fa l l ing mass, pi le driving, in-situ incineration, 
and accelerated decomposition. Each technique is described in Sect. 3. 
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1.2 SUMMARY OF FINDINGS 

Corrective measures are ranked according to their effectiveness, applicabil-
i t y , and costs as shown 1n Table 1. The ranking of effectiveness is based 
on the ab i l i ty of the technique to 1) counteract the two most Important 
mechanisms of subsidence ( f i l l i n g of spaces between containers and spaces 
within containers) and 2) achieve waste densities that are l i ke ly to be 
stable. Three corrective methods - fall1ng mass, pile driving, and 
grouting - are l ike ly to be effective in some cases. The ranking of 
applicabil i ty considers the inherent limitations of the techniques and the 
ease with wh 1ch they can be applied. Falling mass, surcharging, and rol ler 
compaction are the methods considered widely applicable. Cost estimates for 
corrective techniques are also ranked: the lower cost methods are rol ler 
compaction, fa l l ing mass, and surcharging with small-to-moderate masses. 

This evaluation indicates that one technique, fa l l ing mass, 1s considered 
ef fect ive, widely applicable, and relat ively low in cost, suggesting that 
this would be the most generally useful method and would yield the greatest 
payoff from further development and f ie ld demonstration. A major advantage 
of the falling-mass technique is Its capability to collapse waste containers 
and thus eliminate interior void spaces, an Important cause of delayed 
subsidence. Pile driving and grouting can collapse or f i l l interior voids 
only 1f the pi le or grout pipe penetrates the waste container. Since very 
close spacing of piles or grout pipes would be required to penetrate all the 
waste containers, pi le driving and grouting could not be expected to f i l l 
al l interior voids. I f collapsing waste containers 1s considered 
undesirable or unnecessary in a trench stabi l izat ion program, surcharging is 
a technique which could be used, either by i tse l f or 1n combination with 
other techniques. 

The application of corrective measures will require detailed analysis of the 
characteristics of Individual sites and, 1n some cases, individual trenches. 
The age, design, and condition of trenches must be considered as well as the 
soi ls , hydrology, history of subsidence, and avai labi l i ty of records regard-
ing trench contents. This will allow the selection of the corrective 



Table 1. Ranking of Corrective Measures for Subsidence 

Criteria 

Rank Effectiveness3 Applicability^ Costc 

1 Likely to be effective Widely applicable Lowest cost 
Falling mass 
Pile driving 
Grouting 

Falling mass 
Surcharging 
Rollers 

Rollers 
Falling mass 
Surcharging (small 

to moderate mass 
applied) 

2 Uncertain effectiveness Limited applicability Intermediate cost 
Surcharging 
In situ incineration 
Accelerated decomposition 

Grouti ng 
Pile driving 
In situ incineration 
Accelerated decompos i t i on 

Surcharging (large 
mass applied) 

Pile driving (piles 
removed) 

Explosives 
In situ incineration 
Accelerated decomposition 

3 Unlikely to be effective Very narrow applicability Highest cost 
Rollers 
Explosives 

Explosives Grouting (for entire 
trench) 

Explosives (in some 
cases) 

Pile driving (piles 
l e f t in place) 

*Based on abi l i ty to counteract major subsidence mechanisms and densification capability. 
°8ased on limitations imposed by soil noisture conditions, cos«.s, and condition of trench. 
cSee Table 9. 
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measures that are most l ikely to be appropriate. In addition, an overall 
tradeoff analysis of costs, benefits, and risks wi l l be needed to determine 
whether applying corrective measures 1s desirable. 

Many of the uncertainties about the cost and effectiveness of corrective 
measures can be best resolved by experimental f ie ld demonstrations. Such 
tests would establish the feas ib i l i ty of the techniques, allow more accurate 
estimation of costs, and reveal any unexpected side-effects. Field tests of 
the falling-mass method should receive the highest pr ior i ty . 



2. SUBSIDENCE IN SHALLOW-LAND BURIAL TRENCHES 

Low-level radioactive waste has been burled In shallow disposal trenches at 
11 major sites 1n the United States (Table 2) , including disposal areas at 
f ive U.S. Department of Energy (DOE) fac i l i t i es and six commercial disposal 
f a c i l i t i e s . The U.S. DOE f a c i l i t i e s , most of which began operation prior to 
the early 1950s, are government-owned sites operated by private contractors. 
The commercial disposal sites, the f i r s t of which began operation 1n 1962, 
are licensed by the states under agreements with the U.S. Nuclear 
Regulatory Commission. 

Subsidence has occurred to some extent at all low-level, shallow-1 and burial 
(SLB) sites (Rose et a l . 1982). The SLB sites reflect a wide variation 1n 
environmental conditions and disposal practices. Trenches vary in width 
from 2.4 to 90 m, and 1n depth from 1.5 to 10.5 m (Table 3). The sites u.so 
ref lect wide variation 1n climate (especially precipitation), hydrologlc 
regime, soils, and geological conditions, all of which Influence the 
characteristics of subsidence. 

Subsidence 1n SLB trenches is important principally because of its potential 
to increase water in f i l t ra t ion to trenches, thus Increasing the transport of 
nuclides from burial sites. Such problems have been experienced at most of 
the low-level radioactive waste sites in the humid eastern United States. 
Based on studies at Maxey Flats, Meyer (1976, 1977) provides the following 
description of the " l i f e cycle" of an SLB disposal area: (1) the trench 1s 
excavated, frequently in material with relat ively low permeabil 1ty; (2) the 
trench 1s f i l l e d with high-porosity, permeable, compressible wastes that 
contain organics and a wide range of chemical forms; (3) the wastes are 
covered with an earthen cap which is often more permeable than the original 
pre-trench soil and rock, in effect creating an In f i l t ra t ion gallery; 
(4) some of the precipitation which fa l l s on the cap in f i l t ra tes into the 
trench and soaks the wastes; (5) leaching of the waste begins, aided by the 
presence of organic matter, bacterial action, the formation of organic and 
^organic acids, and chelating agents; (6) the trench leachate begins to 
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Table 2. Major shallow-land burial sites for low-level radioactive wastes2 

Site Dates of Operator 
buri al 

Oak Ridge National Laboratory, Oak Ridge, Tenn. 1942 — present Union Carbide/U.S.OOE 

Los Alamos National Laboratory, Los Alamos, N.M. 1942 — present Univ. of California/U.S.OOE 

Hanford Works, Richland Wash. 1944 — present Rockwell/U.S.DOE 

Idaho National Engineering Laboratory 
Idaho Fal ls , Idaho 

1952 — present EG&G/U.S.DOE 

Savannah River Plant, Aiken, S.C. 1953 — present DuPont/U.S.DOE 

Beatty, Nev. 1962 — present U. S. Ecology 

West Valley, N.Y. 1962 - 1975 State of New York (originally 
Nuclear Fuel Services) 

Maxey Flats, Ky. 1963 - 1977 U. S. Ecology 

Richland, Wash. 1965 — present U. S. Ecology 

Sheffield, 111. 1967 - 1978 U. S. Ecology 

Barnwell, S.C. 1971 — present Chem-Nuclear Systems 

information from D. 6. Jacobs, J. S. Epler, and R. R. Rose, March 1980. Identification of 
Technical Problems Encountered in the Shallow-Land Burial of Low-Level Radioactive Wastes. 0RNL/Sub-80/ 
13619/1, Prepared by Evaluation Research Corp. for Oak Ridge National Laboratory, Oak Ridge, Tenn. 



Table 3. Description of shallow-1and burial trenches1 

Trench jize (•) 

Site 
Annual 

Rainfall ( « ) Length Width Depth Geology 

Oak Ridge National 
Laboratory 

136 15-200 - 9 2.4 - 4.5 Host trenches are in clay-
rich residual soil and 
weathered shale. 

Los Alamos National 
Laboratory 

45 160 - 120 3 - 30 8 - 11 Basalt with interbedded 
sediaents, puaice and 
tuff. 

Hanford 16 variable 14 - 20 (surface) 
1 . 5 - 5 (bottoa) 

4 - a Unconsolidated glacial 
outwash s i l t , sand, and 
gravel. 

Idaho National 
Engineering 
Laboratory 

22 7.5 - 330 1 5 - 9 0 1.5 - 7.5 decent basaltic lava flows 
overlain by alluvial 
soils, eolian sand and 
loess. 

Savannah River Plant 120 variable 6 6 Sane as Barnwell 

Beatty 10 260 12 - 15 8 Alluvial sand and gravel 

West Valley 100 ISO - 210 10 6 - 8 Glacial t i l l 

Maxey Flats 117 150 6 - 24 6 - 8 Clay-rich residual soil 
and fractured shale with 
tongues of si lt and 
sandstone 

R1chland 16 90 8 6 - 10.5 Sane as Hanford 

Sheffield 90 150 15 - 18 6 - 8 Loess, glacial t i l l and 
outwash deposits. 

Barnwell 120 60 - 140 30 (surface) 
10 (bottom) 

4.5 - 6.5 Poorly consolidated 
coastal alain sedinent; 
shaley si Itstones to fine 
sand. 

4nata from 0. G. Jacobs, 0. S. Epler, and R. R. Rose, March 1980. Identification of Technical 
Problems Encountered in the Shallow-land Burial of Low-Level Radioactive Hastes. 0RHL/SU8-80/13619/1. 
prepared by Evaluation Research Corp. for Oak Ridge National Laboratory, Oak Ridge. Tenn. 
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migrate downward and la tera l ly because of the hydraulic head Imposed by the 
leachate 1n the trench; and (7) as the wastes continue to soak and leach, 
they compact, undermine the trench cap, Increase the In f i l t ra t ion of water 
Into the trench, thereby Increasing leachate generation. 

2.1 CAUSES 

Subsidence 1n SLB trenches results from six mechanisms: (1) f i l l i n g of 
packing voids (spaces between containers), (2) loss of container integrity 
leading to f i l l i n g of Interior voids (spaces within containers), 
(3) collapse of trench walls resulting from lack of lateral support, 
(4) volume reduction resulting from biological and chemical decomposition, 
(5) soil consolidation, and (6) shrink and swell phenomena. The f i r s t two 
mechanisms are the most Important, accounting for a large part of the 
subsidence which occurs. The la t ter four mechanisms contribute to a lesser 
extent but may be Important 1n specific situations. 

At SLB sites 1n the United States, solid low-level radioactive waste 
materials are buried in trenches under very different conditions. Some 
wastes are compacted, some are placed in drums, some are packaged 1n wood or 
cardboard boxes or concrete tanks and some, generally of smaller volume, are 
placed 1n plastic bags. In a few trenches, waste packages and containers 
are placed 1n orderly patterns. In most cases, however, the wastes are 
simply dumped Into the trenches to reduce handling and the possible 
contamination of equipment or exposure of personnel. The la t ter results in 
a random arrangement of waste materials of very different sizes, shapes, 
textures and resistance to load. When the trench 1s f i l l e d to the design 
capacity ( e . g . , 1 m below grade), soil excavated froiii the trench 1s used as 
backfi l l over the wastes and compacted to form a cover cap and reduce water 
In f i l t r a t ion . In a few cases, soils with better compactlve properties than 
the soils present on the si te are Imported and compacted to build the cap. 
At some sites, wastes are placed in layers, and each layer 1s backfilled and 
compacted. 
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The mechanisms of subsidence (several of which are depicted 1n F1g. 1) can 
cause a simple cave-1n or slump (F1g. 2) ; 1n addition, multiple cave-1ns can 
grow together to form a general basin or trough (F1g. 3 ) . Depression of the 
ground surface occurs when a local loss of structural support 1n the soil 
mass causes a downward migration of soils. Downward migration of soil 
sometimes Involves movement of fine soil particles by gravity Into void 
spaces below. Subsidence may also occur as the sudden collapse of a bridge 
structure formed by waste material, containers, or so i l . The mechanisms of 
subsidence are considered 1n detail below. 

2 .1 .1 F i l l ing of Packing Voids 

When trenches are f i l l ed with waste materials, some voids and interstices 
are created beneath and between containers. These voids exist both in the 
case of randomly dumped wastes and, to a lesser extent, 1n the case of 
containers disposed of 1n an orderly manner. The larger packing voids are 
usually found close to the walls of the trenches because of the 
juxtaposition of irregularly shaped containers and the generally f l a t wall 
surface. Since the edges of the trenches typically receive the least 
loading and the least compaction following trench closure, subsidence due to 
packing voids frequently occurs at the edge of trenches. F i l l ing of packing 
voids 1s an Important subsidence-causing mechanism and one which acts 
relat ively early in the l i f e of a waste trench. I t can occur repeatedly at 
the same location, sometimes forming deep, distinct potholes. 

2.1.2 Loss of Container Integrity and Fi l l ing of Interior Voids 

Many waste containers are originally only par t ia l ly f i l l e d . In addition, 
they frequently contain highly compressible materials. When these 
containers deteriorate and collapse, large voids are formed In the deeper 
layers of the trench. In some cases, Interior voids can f i l l rapidly, 
probably when 11ds separate from drums during placement in the trench 
(reported by Jacobs et al. 1980). More commonly, interior voids are f i l l e d 
only after corrosion or biodegradatlon causes rupture or formation of holes 
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Fig. 1. Subsidence mechanisms involving void f i l l i n g . Source: S. J. 
Phill ips and R. A. Carlson, Alternatives to Control Subsidence at Low-level 
Radioactive Waste Burial Sites, Fig. 1. RHO-LD-172, Rockwell Hanfor3 
Operations, Richland, Wash. 
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F1g. 2. I l lustrat ion of subsidence cave-1n. Source: S. J. Phil l ips 
and R. A. Carlson, 1981. Alternatives to Control Subsidence at Low-Level 
Radioactive Waste Burial Sites, Hq. 2 . RH0-L0-1/2. Rockwell Hanford 
operations, Richland, Wash. 

ORNL-DWG 83-12907 
• M C W t A T l Q N 
H A W A I I . H U N O M 

Fig. 3. I l lustrat ion of subsidence baslnlng. Source: S. J. Phi l l ips 
and R. A. Carlson. 1981. Alternatives to Control Subsidence at Low-Level 
Racioactlve Waste Burial Sites, Fig. 3. HH0-LI)-i;2. Rockwell Hanford 
operations, Richland, Wash. 



1462 

1n waste containers. Because of this, Interior voids are a very Important 
cause of delayed subsidence. 

2.1.3. Collapse of Trench Walls 

At some sites, trenches are dug with walls that are almost vert ical . When 
these trenches are f i l l e d , packing voids are created along the trench 
walls; when trench caps are constructed, the edges of trenches may receive 
les, compaction than the centers. I f trench wells have Inadequate lateral 
support because of the low density of the waste along the wall , slumping of 
the s1d?wall may occur. Subsidence potholes in the trench walls were 
particularly common at the Sheffield site (Kahle and Rowlands 1981), whera 
the so i l , a collapsible loess, apparently became weaker when the moisture 
content reached saturation. One small instance of subsidence resulting from 
sidewall collapse was also observed at ORNL when the authors visited the 
waste disposal si te (Sept. 8, 1981). 

2.1.4 Chemical and Biological Degradation 

Chemical corrosion and biological oxidation reduce the structural strength 
and volume of buried material. This leads to collapse of waste containers 
and void formation that contributes to subsidence. Degradation 1s generally 
promoted by avai labi l i ty of soil moisture, oxygen, and corrosive materials. 

The wastes buried in SLB trenches typical ly have an organic content of 
70-90% (U.S. AEC 1970). However, the organic wastes vary from paper, which 
decomposes readily, to rubber and plastics, which decompose re lat ive ly 
slowly. In sanitary l andf i l l s , blodegradatlon reaches Its peak activity in 
18 months, as indicated by temperature within the f i l l (Committee on 
Sanitary Engineering Research 1959); at that point, however, considerable 
organic refuse remains for future decomposition. Thus, biological 
decomposition probably contributes most to subsidence within the f i r s t 
several years following trench closure and continues to contribute for at 
least a decade. Biological decomposition can be retarded by a lack of 
moisture. I t can proceed rapidly by aerobic processes 1f adequate oxygen is 
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present. Typically, however, soil oxygen 1s depleted, and a slower, 
anaerobic decomposition proceeds with the production of methane. 

Corrosion of metal containers Involves oxidation reactions and takes place 
both 1n the presence and absence of oxygen. In moist oxygenated a i r , metal 
containers wi l l rust . Under anaerobic conditions, hydrogen sulfide produced 
by biological decomposition is corrosive to metal. Corrosion involves 
electrochemical reactions between anodic areas where electrons are lost by 
metal and cathodic areas where electrons are accepted by an oxidizing agent. 
The rate of corrosion 1s governed by the conductivity of water, so the 
leaching ot salts or electrochemically active substances into trench water 
increases corrosion. Kahle and Rowlands (1981) calculated that steel drums 
at the Sheffield s i te could be penetrated by corrosion pits within 10-20 
years. 

2.1.5 Soil Consolidation 

The natural soils of burial sites have been exposed to loads during their 
geological past. When excavated and manipulated, these soils are unloaded 
and fragmented. Air voids are created between the soil grains, thereby 
resultlnq 1n a 20-50* Increase in the volume of the soil mass (depending on 
the composition and moisture content of the so i l s ) . When used as backf i l l 
in trenches and after i n i t i a l compaction has been performed, these soils 
wi l l consolidate gradually, leading to general subsidence over the entire 
area of the trench. Consolidation of a soil usually occurs in two phases, 
as shown on Fig. 4. The primary consolidation results from squeezing the 
water from the void spaces in the so i l , and the secondary consolidation 
results from deformation of the soil skeleton i t s e l f . The rate at which 
water can be expelled from the void spaces is very slow, so that settlement 
and subsidence due to consolidation of soil w i l l occur over very long 
periods of time. The edges of the trenches and the areas which have been 
less compacted or loaded during the completion of the cap wi l l show the 
greatest amount of settlement. 
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ORNL-DWG 63-12908 

TIME (log scale) 

Fig. 4. Typical time-settlement curve for soi l . Source: R. Kahle, 
and J. Rowlands, 1981. Evaluation of Trench Subsidence and Stabilization at 
rftf f f inactive Waste Disposal Fac i l i ty , Fig. 17. 
NUREG/CR-2101, Ralph Stone and Co., Inc., U.5. Nuclear Regulatory 
Commission, Washington, D.C. 
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2.1.6 Shrink and Swell of Cap Soils 

Some expansive clays exhibit a change 1n volume as a result of a change in 
the i r moisture content — spec i f i ca l ly a swelling on wetting and 
shrinkage on drying. Swelling and shrinkage also occur with freeze-thaw 
cycles, and these phenomena cause cracks 1n trench caps. Vertical cracks 
threaten the in tegr i ty of SLR trenches by causing rapid i n f i l t r a t i o n of 
water Into the waste, Increasing the leaching process and Inducing other 
subsidence processes. 

2.2 DESCRIPTION OF SUBSIDENCE AT VARIOUS SITES 

Based on s i te v i s i t s to shallow-land burial (SLB) s i tes, Jacobs et a l . 
(1980) state that subsidence has occurred at a l l the major s i tes. 
Subsidence is b r i e f l y mentioned 1n published reports on disposal s i tes: West 
Valley (Prudic 1979), Maxey Flats (Meyer 1977), and Barnwell (Shealy 1979). 
More extensive descriptions of subsidence at Hanford, Sheff ield, and ORNL 
are summarized below. 

2.2.1 Hanford 

Wastes from chemical processing operations were packaged several ways prior 
to burial in trenches (Isaacson and Brown 1978): (1) cardboard boxes 
containing s l i gh t l y contaminated wastes, e .g . , laboratory refuse, 
(2) p last ic shrouds containing contaminated equipment, 3) steel drums 
containing wastes grossly contaminated with rad ioac t iv i t y , e .g . , rags and 
small hardware, and (4) wooden, concrete, or steel boxes containing large 
equipment. Subsidence problems in burial-ground operations were described 
as "back f i l l cave-ins due to deteriorat ion of wooden boxes used for defunct 
industr ia l equipment" (Isaacson and Brown 1978). The problem is kept under 
surveil lance and controlled by additional back f i l l i ng . 
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2.2.2 Sheff ield 

The subsidence problems at the Sheff ield disposal f a c i l i t y have been 
extensively documented for Nuclear Regulatory Commission by Kahle and 
Rowlands (1981). Subsider:® was monitored over a two-year period from 
October 1978 through October 1980. At the beginning of th is period, the 
oldest trench had been closed for ten years, the youngest for six months. 
Site personnel per iodical ly inspected the surface of each trench and 
recorded the subsidence incidents prior to f i l l i n g the holes ( i f weather 
permitted). 

A total of 79 subsidence events were observed, varying in size from 0.1 to 
6 m in diameter (Fig. 5) and 0.2 to 3 m deep. Most subsidences were less 
than 5 m in diameter, with depths of 0.3 to 1 m. A great many of the 
subsidence events occurred in or near the trench walls rather than in the 
center of the trench. The qreat majority of subsidences occurred between 
November 1978 and May 1979 (Fig. 6). During th is time prec ip i ta t ion was 
above normal, and because of warm winter weather the normal freezing of 
surface soi l did not occur. This allowed above-normal i n f i l t r a t i o n of ra in 
and snowmelt and caused saturation of soil in the trenches and in the narrow 
walls between trenches. The larger subsidences (3-6 m in diameter) were 
associated with th is period. In some subsidences waste containers were 
exposed. 

The subsidences Involved mostly trenches which had been closed for less than 
f i ve years. Of the 79 subsidences observed, 71 (or 9Q?S) occurred in 
trenches less than f i ve years old. Subsidences occurred ten times more 
frequently in trenches less than f i ve years old compared with trenches 5-13 
years old. However, i t is not known whether such a pattern holds true for 
trenches in d i f fe ren t soi l types. 
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2.2.3 Oak Ridge National Laboratory (ORNL) 

At ORNL's burial grounds, subsidence problems have occurred but are not 
severe, perhaps because the trenches are neither as deep nor as wide as at 
some other locations. Webster (1976) recommended that repairs be made to 
the land surface "where backfill covering the waste has sagged or settled." 
One very large collapse of f i l l material 1n January 1975 was documented by 
Webster (1979) as having a depth of 2.96 m and width of approximately 0.7 m. 
Surficlal depressions were observed to collect runoff, thereby enhancing 
In f i l t ra t ion of water to the underlying trenches. Maintenance of ORNL's 
burial grounds now Includes regular observation, f i l l i n g , and reseeding of 
depressions and areas of sagging or collapse (Tom Grizzard, ORNL, telephone 
conversation with R. 0. Roop, August 24, 1982). 



3. CORRECTIVE MEASURES FOR SUBSIDENCE 

Based on operating experience at shallow land burial (SLB) si tes, the 
practices currently used to deal with subsidence appear to be only a 
temporary solution; Inspection and maintenance of SLB sites often continues 
for decades despite repeated f i l l i n g and compaction. The search for more 
permanent methods to stabil ize burial trenches has led to the proposal of a 
variety of techniques. Three basic strategies exist for correcting 
subsidences and preventing their recurrence. The f i rs t strategy 1s to use 
various methods of compaction on the trench and then to f i l l the resulting 
depressions. These corrective measures employ techniques used for 
stabil izing construction f i l l s . The second strategy 1s to prevent 
subsidence by f i l l i n g the voids present 1n the waste trenches with riaterlal 
other than cap soils. In contrast to other methods, void-f1111ng methods 
should cause only minor damage to the trench cap. The third strategy 1s to 
Induce subsidence by burning or accelerating the decomposition of organic 
material in the trench, after which the resulting depressions are 
backfil led. These corrective measures Involve adaptation of techniques used 
for in situ coal gasification and sanitary landf i l l operation. 

3.1 ROLLERS AND VIBRATORY COMPACTION METHODS 

Compaction methods discussed 1n this section Include pneumatic t i red and 
sheepsfoot rol lers, vibratory rol lers, and other vibratory methods such as 
vlbroflotatlon and Terra-Probes. 

3.1.1 Description 

Compaction using pneumatic tired rollers and sheepsfoot rollers denslfles 
loose soils by applying a load at the soil surface. The rol lers are 
weighted with ballast material to provide the load. The rollers are driven 
over the area to be compacted, and multiple passes over the area are usually 
required to achieve dens1f1cat1on of the soils. Loads imposed by pneumatic 
t i red rollers range from 2.5 to 10 kg/cm2 (35 to 150 l b / i n . 2 ) , and those 
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of the sheepsfoot-type rol lers range from 7 to 84 kg/cm2 ( loo to 1200 
lb/1n.2)(Sowers and Sowers 1970). Pneumatic t i red rol lers are most 
ef fect ive on coheslonless or sl ight ly cohesive granular soi ls , and 
sheepsfoot rol lers are most effective on cohesive soi ls. Vibratory rol lers 
combine the principles of application of a load and a vibratory force to 

"omote reorientation of soil part icles. Vibratory rol lers are effect ive 
for denslficdtlon of pure! -s sands and gravels. Small, manually 
operated, gasoline-powered tampt used widely 1n construction 
applications; however, they are only capable of compacting soil within 
approximately 8 cm of the surface (Sowers and Sowers 1970). 

Other vibratory methods of consolidation used for treatment of loose 
coheslonless soils Include vlbroflotatlon and Terra-Probe methods. Both 
methods are Inappropriate because they require the Introduction of large 
volumes of water Into the zone being compacted and because coheslonless 
soils are generally absent at burial sites. 

3.1.2 Application 

The depth of Influence of rol lers 1s small compared to typical disposal 
trench depths. Roller compaction techniques are commonly used 1n placement 
of controlled f i l l , 1n which case relat ively thin layers of soil are spread 
and compacted sequentially 1n l i f t s to build the desired f i l l thickness. In 
remedial treatment of shallow-land burial trenches, rol lers and small 
vibratory compactors are appropriate for compacting backf i l l 1n subsided 
areas when continued maintenance 1s the chosen corrective measure. Rollers 
would also be used in cases where new caps are being constructed over old 
trench covers or when other corrective measures have so drastical ly altered 
the existing trench cover that a new cap must be constructed. Rollers are 
expected to have l i t t l e or no effect on consolidating materials at depth or 
for reducing voids at depths greater than about 1 m (Sowers and Sowers 
1970). 
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3.2 GROUTING 

3.2.1 Description 

Grouting 1s a technique that 1s used to strengthen soils by injection of a 
cementing agent Into Intergranular pores of granular soil1 or by Injection 
of a h1gh-v1scosity grout 1n cohesive soils. Injection of h1gh-v1scos1ty 
grouts results 1n volumetric compaction of soils and 1s also effective at 
f i l l i n g moderate-sized voids such as those l ikely to be encountered between 
and within burled waste containers. Materials used as grouts range from 
11me slurries, through Portland cement and sand mixtures, to synthetic 
chemical grouts that form polymeric binders. Equipment used for grouting 
includes dr i l l -1gs to emplace grout pipes, grout mixing equipment, and 
grout pumps to Inject the grout. Grouting programs are controlled by 
placing survey monuments in c r i t ica l areas and by monitoring movement of the 
markers while grouting 1s taking place. I f the surface begins to heave, 
grouting must be terminated. njectlon rates, duration, and pressures are 
carefully monitored and r ^-d so that total grout take can be computed 
for each Injection point. This Information can be used to determine the 
Increase 1n density as grouting proceeds. As the program progresses, data 
tabulations can be used to Identify areas of anomalously low grout takes 
which should be regrouted on spl i t spacings. 

Materials commonly used as grouts Include Portland cement-sand mixtures 
(with vtolch other additives may be combined i f special properties or rapid 
set times are required) and a variety of synthetic chemical grouts. Cement-
sand or cement-soil grouts are less expensive than the chemical grouts, and, 
considering the vol lines required for corrective treatment of waste disposal 
trenches, these are more attractive for economic reasons. Chemical grouts 
are well adapted to injection Into granular soils to construct grout 
curtains and cutoff walls and to stabil ize loose, "running" sands around 
areas undergoing excavation. 
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3.2.2 Applicatlon 

Grouting may be an appropriate corrective measure in certain Instances 
where, 1n addition to subsidence prevention, there 1s a desire to provide 
further Isolation of the wastes. Solidified grout masses that f i l l matrix 
voids 1n disposal trenches provide substantial vertical and lateral support 
and vould serve as Intrusion Inhibitors. The need to use a grouting program 
as the solution would have to be clearly demonstrated because grouting of 
entire trenches 1s extremely expensive compared to other measures (see Sect. 
4.1.3) such as the surcharging and fall ing mass methods. I f site 
Investigations show that zones exist which can be stabilized only by 
grouting, the grouting program may be performed In combination with other 
trench stabilization measures. 

Injection point spaclngs of 2 to 3 m are l ikely to be required for trench 
grouting, and some areas are l ikely to require more closely spaced injection 
points to achieve sufficient stabilization. Cement-based grouts can be 
pumped at very high viscosities to f i l l voids without flowing excessively. 
H1gh-v1scosity grout can also compact loose material in the trenches by 
displacing air or water. In treating trenches that contain water, the water 
1s displaced by the grout; in the latter stages of grouting, water will be 
displaced vertically into trench cover materials. In extreme cases, trench 
water may be forced to discharge to the surface. 

The process of driving grout pipes into the trenches on close spacing may 
rupture most waste containers. Very carefully controlled grouting programs 
may be caoable of f i l l i n g voids Inside containers that are Intersected by 
the grout pipes. Equipment used for grouting radioactive waste disposal 
trenches 1s l ikely to be contaminated and would require decontamination or 
disposal, thus adding to the cost of the programs. According to Ledbetter 
and Olson (1979), the most economical grouts contain a substantial amount of 
water, and other types of grout are l ikely to be uneconomical. Adding water 
to a waste trench may accelerate decomposition and dissolve radionuclides. 
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3.3 EXPLOSIVES 

Explosives have been used 1n the treatment of saturated, loose, coheslonless 
soils to cause liquefaction followed by expulsion of pore water and 
dens1f1cat1on. Dens1f1cat1on Increases the shearing strength and reduces 
future settlement. 

3.3.1 Description 

Mitchell (1970) describes the general procedure for using explosives to 
denslfy saturated, loose sands. Holes are dr i l led and cased to a depth of 
about two-thirds the thickness of the soil and the waste material to be 
denslfled. Then 0.23 to 3.5 kg (1/2 to 8 lb) of explosive are lowered to 
the bottom, the casings are pulled, and the holes are backfil led. 
Horizontal spacing between blast holes varies from 3 to 8 m (10 to 25 f t ) . 
All holes are f ired using time-delay caps ranging from 0 to perhaps 100 ms 
1n a predetermined pattern. The above procedure may be repeated up to five 
times. A major part of the settlement occurs Immediately, with smaller 
continued settlement over the next few minutes. L i t t l e denslflcation takes 
place 1n the upper meter of sand, but this could be accomplished using rol l 
compaction techniques. 

3.3.2 Application 

ExpiObives are generally not suitable for densifylng soils other than 
saturated, loose sand. However, Lyman (1942) found explosives to be 
effective in s l l t y soi ls . Although Wild and Haslam (1962) claim that 
explosives can be effective 1n soils with up to 75% of the soil content 
f iner than 200 mesh, Prugh (1963) notes that clay reduces the efficiency 
greatly. Table 4 (Mitchell 1970) presents a summary of experience in 
densifying by blasting and Indicates typical soils treated, charge sizes and 
patterns used, and results obtained. Settlements ranged up to 10% of the 
i n i t i a l thickness of the strata that were denslfled by explosives. 



Tfble 4. Experience with densification of granular soils using explosives (Johnson 1970) 

Ihickness Type of 
Project Soil type treated of lajer Explosive Change pattern Results Cament Reference 

(ft) 

Franklin Falls 
Dan Foundation 

Loose, saturated 
fine sand 

13-30 8-lb 
charge 

5-ft y i d at 13-ft 
depth. 

Strface settlanent of 
2-2 1/2 f t . 

Dereified 400,000 jd3. 
Relative density 
increased to 46-5GDL 

Lyaan (1942) 

Denison Oan 
Tests 

loose sand and 
s i l t with sane 
cliiy 

30 Dynamite, 
16-lb 
charge 

l&-ft depth. Surface settlements of 
0.5 to 0.7 f t . 

Lynan (1942) 

Kamafuli Dam 
Foundation 

Uniform fine 
sard 

3- art 8-
lb 
change 

20-ft spacing; depths 
of 15, 30, 50 f t . Low 
est fired f i rs t , then 
middle & upper at 4-h 
intervals. 4th serie 
at 25-ft depth. 

Mac. surface settle-
ment of 2.7 f t . 
Porosity decreased 
fron 47 to 41X. 

Dens if led 60,000 yd3 

in a pothole. 
Hall (1962) 

Tower 
Foundations 

Loose, uniform 
fine to very 
fine micaceous 
and with 7-75K 
s i l t 

24 1/2- to 
4-lb 
charge 

3-4 lb changes fired 
simultaneously at 12-
f t depth; repeated 3 
times; 24-1/2-lb 
charges A 6-ft depth, 
12-ft grid pattern. 

Wild and 
Haslan (1962) 

Investigation 
of sard lique-
f act Ion darker 

Saturated sands 25-30 5-lb 
amonite 

4-5 m depth. 
Ihree blasts in 
succession. 

I f average settlement 
<8-10 cm with radius 
of 3 m, then liquefac-
tion danger snail. 

Abelew and 
Aekalamov 
Fieri a and 
Ivmcv (1964) 

Investigation of 
s t& i l i t y of 
marine deposits 
against flow 
slides 

Sods and silts Dynamite 
and 
plastics 

0.07-2.4 kg changes at 
5-10 m depth. 

Kuieneje and 
Eide (1961) 



T?i)le 4 (continued) 

Project Soil type treated 
Thickness 
of leiyer 

(ft) 

Type of 
Explosive Charge pattern Results Cement Reference 

Vendalsora File sand and 
s i l t 

Dynamite 1 at 0.3 kg, 1 at 0.6 
kg, then 5 in succes-
sion at 1.2 kg each. 

Surface settlenert of 
1.3 f t . Porosity 
reduced 3-5*. Rel. 
density increased fron 
44% to 601. 

Zone of 6 m dis. 
armnd blast point 
nas loosened. 

1 KunrErcye and 
Eide (1961) 

Trondheim Harbor Fine sand and 
s i l t 

50-65 0.07-1.4 kg at 30 f t 
depth. 

Kunmege ant 
Eide (1961) 

Vaemess Loose fine sand Dynamite 5 stots for total of 
6 kg. 

1.1-ft settlanent at 
center of depression. 

Kumenaje aid 
Eide (1961) 

1-3 Fine mediun 
uniform sand 

7-18 Rel. density increased 
frcm -40 to 80*. Pnxjh (1963) 

Five 1-4 Fine rradiun 
uniform sand 

7-18 Rel. density increased 
from -50 to 71-961. Pnjc*(1963) 

projects 

In 4 Fine silty sand 16 
Rel. density increased 
frcm -78 to 99*. 

Contained clayey sand 
pocket; no increase 
in rel. density. 

Prugh (1963) 

Florida 
7A Fine sand, s i l t , 

shells 
2-6 Rel. density increased 

from -55 to 70-93X. 
Prugh (1963) 

7B Fine triform sand 10 Rel. density increased 
from -65 to 9016. 

Surface s&tlemeit of 
0.5 to 0.7 f t . 

Prutji (1963) 
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Disadvantages appear to outweigh advantages 1n the use of explosives. An 
Important advantage 1s the abi l i ty to denslfy soils at depth. Disadvantages 
Include cost; potential shock wave damage to burled containers, trench 
l iners, walls, floors, and support f a c i l i t i e s ; and the possible mobilization 
of waste that could result 1n the contamination of groundwater 1f 
In f i l t ra t ion through the cap takes place. Explosives have never been used 
to stabil ize low-level waste trenches. Also, dr i l l ing equipment and casing 
may become contaminated with radioactive waste, and contaminated d r i l l 
cuttings may be brought to the surface. 

Blasting must be supplemented by other corrective measures. Explosives must 
not be set too close to the trench wall. Pile driving (Sect. 3.6) or grout 
(Sect. 3.2) may be required to stabil ize a trench adjacent to Its walls. 
Because explosives are Ineffective on soils near the surface, the upper 
meter of soil must be compacted by other means, such as rol lers or vibratory 
equipment. 

3.4 SURCHARGING 

Surcharging is the temporary loading of low-density soil (or waste) f i l l 
using a soil embankment or other mass. This method is commonly used to 
denslfy f i l l in the construction industry and can be used to reduce the void 
space 1n low-level radioactive waste disposal trenches. 

3 .4 .1 Description 

The loadings applied in surcharging bring about settlement and improve the 
shearing strength of soils. To achieve the desired loading, surcharging 
may involve the use of soil embankments, concrete slabs, water-f i l led tanks, 
or any suitable heavy material (Peck et al . 1974) Most commonly, haulers 
and scrapers are used to transport soil from a convenient borrow s i te . Soil 
surcharges have been built to heights up to about 9 m (30 f t ) and have been 
l e f t in place for periods ranging from several months to several years. 
Johnson (1970a) describes the standard techniques and a variety of 
specialized surcharging methodologies as well . 
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3.4.2 Appl1catIon 

Surcharging 1s used routinely at some existing low-level waste disposal 
si tes; however, I ts effectiveness for consolidation of trench contents has 
not been documented. Therefore, this discussion will emphasize documented 
application of the technique, which comes primarily from the construction 
Industry. 

Based on experience with foundations (Johnson 1970a), surcharging would be 
applicable to most low-level waste trenches. Surcharging has been used to 
improve the s tabi l i ty of organic and inorganic s i l ts and clays, peats, 
cinders, rubbish, and sanitary landf i l l s . Materials having water contents 
ranging from 20 to 1000 wt % (saturated soils to oversaturated wetland muds) 
have been successfully surcharged. With some materials, i t is desirable to 
accelerate drainage during consolidation by install ing sand drains to assist 
with drainage of excess water. This increases the effective stress on soil 
by lowering the hydrostatic pressure. Without drainage the surcharge period 
may be excessively long. 

A number of experiences with surcharging have been reported in the 
l i tera ture . Johnson (1970a) discusses case histories from south Louisiana 
and the New Jersey coast that do not involve the use of sand drains or other 
means of accelerating consolidation. All of these examples are taken from 
areas underlain by highly compressible, saturated, and over-saturated 
organic s i l ts and clays. Moisture contents ranged from 30 to 50% in 
compressible clays and s i l ts up to 9 m (30 f t ) thick. Surcharges were bui l t 
to heights of about 9 m (30 f t ) and l e f t in place from 1 to 2 years. 
Settlements ranged from 0.3 to 1.6 m (1 to 5 f t ) . Johnson (1970b) also 
discusses a number of case histories involving the use of drains to achieve 
accelerated consolidation. Legr^+. (1962) describes 22 m of unconsolidated 
marine clays underlying a high*, construction f i l l in Finland where a half 
mil l ion vertical sand drains were installed with the aid of removable piles 
(Sect. 3.6) along 1 km of roadway to accelerate consolidation. The 
estimated final settlement was 4 m and more than 1 m of settlement had taken 
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place 6 weeks after the drains were emplaced. Johnson states that there are 
many more examples of both drained and undralned cases and that the chosen 
examples may not have been entirely representative. 

According to Johnson (1970a), where subsoil conditions are poor and loads 
are l ight to moderate and relat ively uniform (as 1s the case for a capped 
low-level waste trench), economic factors generally favor surcharging over 
other foundation stabilization alternatives. This 1s particularly true 
where loaded areas are large. Surcharging would have wider use in building 
construction were 1t not for time constraints. Time is not expected to be a 
significant constraint 1n the capping of low-level waste trenches. 

I f the collapse of waste containers 1s considered desirable, the height of 
the surcharge required to exceed their compressive strength may be 
Impractical. The compressive stress of a 6-m (20- f t ) surcharge consisting 
of soil at a density of 0.02 kg/cm3 (120 l b / f t 3 ) Is only about 1.2 
kg/cm2 (17 psi ) . An uncorroded steel drum wil l withstand the pressure of 
a surcharge unless i t is lying on Its side and unconstrained at Its ends so 
that the I1d may separate. Then the surcharge would have to remain inplace 
excessively long (until deterioration of the containers) to achieve the 
stabi l izat ion necessary for placement of the f inal cap. Alternatives would 
be to deliberately collapse containers by the fa l l ing mass method (Sect. 
3.5) before surcharging. 

3.5 FALLING MASS 

Void space in waste disposal trenches may be reduced by the use of a fa l l ing 
mass. This method has been used successfully for Improving the bearing 
capacity of unconsolidated soils and rubble. 

3 .5 .1 Description 

The fa l l ing mass method densifies soils by dropping a 1.8- to 90-metric ton 
(2- to 100-ton) weight from a height of 3-50 m (10-150 f t ) . The weight is 
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dropped from Increasing heights, with repeated drops on Increasingly f iner 
spacing to achieve compaction at greater depths. The weight Is dropped from 
a crane on a grid pattern over the s i te to be consolidated. The weight is 
t yp i ca l l y dropped 6 to 9 times at each Impact point on a gr id with centers 
ranging from 1-6 m (3-20 f t ) . The average ground depressions vary with the 
substrata composition and the type of appl icat ion, but depressions of up to 
3 m (9 f t ) have been reported (Phi l l ips and Carlson 1981). Compaction of 
so i ls to a depth of up to 18 m (60 f t ) has been achieved (Phi l l ips and 
Carlson 1981) although depths of 6 m (20 f t ) are more commonly noted 
(Ramaswamy et a l . 1981, Lukas 1980). 

The fa l l i ng mass method was f i r s t introduced by Techniques Louis Menard in 
1970 for bal last f i l l s or natural , sandy gravel so i l s . The method has since 
been extended to saturated clay, a l luv ia l so i l s , and rubble and is commonly 
known as dynamic consolidation. The theoretical aspects of the method 
suggest that the size of the weight (M) and the height from which the weight 
is dropped (h) can be selected for consolidation to a thickness D according 
to the approximation (Menard and Broise 1975) 

Mh < D2 

where 
M = f a l l i n g mass, in metric tons, 
h = height of drop, in meters, 
0 = depth of consolidation, in meters. 

The ef f ic iency of the method depends quite closely on the use of progressive 
consolidation of the soi l 1n layers, commencing with the deepest and 
f in ish ing with the surface, by an adequate d is t r ibu t ion of impacts, proper 
selection of the f a l l i n g mass, drop height, and periods of delay between 
phases of consolidation (Menard and Broise 1975). Maximum ef f ic ienc ies 
occur vrtien a minimum stat ic load of 2-3 metric tons/m2 is achieved at the 
depth of the water table. 
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3.5.2 Application 

The fa l l ing mass method, or dynamic compaction, has been used for consoli-
dating a wide variety of soils and unstable materials. Applications of most 
relevance to reducing trench subsidence are soils with large void ratios and 
soils mixed with rubble. Ramaswamy et a l . (1981) reported the successful 
compaction of saturated peat by dynamic consolidation. The peat layer was 
about 4 m thick prior to compaction; had an overlying layer of sandy, clayey 
s i l t ; and was underlain by medium-dense s l l t y , clayey sand. The Improvement 
achieved 1s summarized 1n Table 5. The dynamic consolidation resulted In 
the peat being mixed with the underlying material and compacted to produce 
safe bearing capacities for building construction. Menard and Brolse (1975) 
reported the successful compaction of dredge spoil 1n a mud f l a t to the 
extent necessary to support an oil storage tank f a c i l i t y . Lukas (1980) 
reported the successful compaction of 3-5 m (10-15 f t ) of rubble with large 
voids using dynamic compaction and achieving depressions 1n the compacted 
material of 0.15-1.12 m (6-47 1n . ) . Depths of compaction ranged from 3-6 v., 
(10-20 f t ) . 

The application of the fa l l ing mass method requires a limited understanding 
of the subsurface conditions. Knowledge of the depth of the material layer 
to be consolidated, the depth to which consolidation 1s desired, and soil 
properties (moisture content, Atterberg l i m i t s , part icle size distr ibut ions, 
and standard penetration measurement) provides valuable data for the 
e f f ic ient application of the method. Additional stratlgraphic data and 
characterization of the physical properties of the waste to be compacted 
would be useful for design of the method for a specific s i te . 

The fa l l ing mass method 1s simple to design and to apply to a given s i te . 
The ease of application to a wide variety of s i tuat ions, 'a t t ract ive 
economics, and successful application to d i f f i c u l t geotechnlcal situations 
are to the method's cred i t . The f a l l i n g mass method, however, has not been 
used at existing low-level waste f a c i l i t i e s . Hence, a major disadvantage of 
the method is I t s lack of application to the reduction of trench subsidence. 



Table 5 . Peat properties before and after dynamic consolidation 

1 

Depth (m) 

Natural water 
content (X) 

Natural bulk 
density (kg/m3) 

Organic 
content (%) 

Compression 
index (c) 

Coefficient of 
permeability, K 

(cm/s) 
Void ra t io , 

e 

1 

Depth (m) 

Before After Before After Before After Before After Before After Before After 

6.00-6.45 166 38 1420 1830 28 10 0.842 0.088 2.43 x 
10"* 

1.57 x 
10-6 

3.11 0.707 

8.00-8.45 108 34 1460 1820 26 12 0.793 0.130 2.24 x 
i o - 4 

1.82 x 
10-6 

2.56 0.718 

4 .00-4. '5 86 36 1490 1820 25 8 0.774 0.085 2.13 x 
i o - 4 

1.62 x 
10-5 

1.72 0.654 

Depth (m) Degree of 
saturation ( I ) 

Standard 
Penetration 

Test 
val ues 

(blows 0.3 m) 

Shear strength parameters 

Depth (m) Degree of 
saturation ( I ) 

Standard 
Penetration 

Test 
val ues 

(blows 0.3 m) Cohesion 
(kN/m*) 

Angle of 
shearing 

resistance 

Shear 
strength 
(kN/m2) 

Cohesioi 
(kN/m2) 

Angle of 
Shearing 

resistance 

Shear 
strength 

(kN/rii*) 

Depth (m) 

Before After Before After Before After 

6.00-6.45 100.00 100.00 2 8 10.1 3° 11.3 39.4 go 49.0 

8.00-8.45 100.00 100.00 3 6 1 0 . 2 4 ° 1 2 . 6 3 9 . 6 8 ° A9.1 

4.00-4.45 1 0 0 . 0 0 100.00 4 10 1 2 . 4 5 ° 1 4 . 0 4 5 . 6 8 ° 5 0 . 4 

Source: Table 1 , Ranaswamy, S. 0 . , S. L. Lee, and I . V. Daulah. i s a i . "Dynamic Consolidation - Dramatic 
Way to Strengthen Soi l ." Civil Engineering 52(4): 70-73. 
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Unknowns that would contribute to this uncertainty are the Inabi l i ty to 
predict the location of the waste following dynamic compaction and the 
potential of some of the waste rising to the surface during dynamic 
compaction. I f use of fa l l ing mass forces wastes to the surface, 
contamination of the compacting equipment could result. Rupture of waste 
containers could accelerate contamination of underlying groundwater. The 
success of the method 1n compacting waste and soil at the edges of trenches 
1s unknown and could result In uneven compaction within the trench and 
damage to liners and drains. In spite of these potential disadvantages, 
which are largely unknown, the advantages of the fa l l ing mass method make 1t 
one of the more attractive choices for compaction of waste. 

Testing of the fa l l ing «iass method on low-level waste disposal trenches 1s 
planned at an experimental fac i l i t y on the Hanford Reservation 1n Washington 
(personal communication with S. \ Phi l l ips, February 22, 1983). 

The ease of application and obvious simplicity of the fal l ing mass method 
place few limitations on I ts application. Heterogeneous materials, as are 
commonly found 1n waste disposal fenches, l imit the capability of designing 
an eff icient application of the method. This l imitation would result 1n 
some increase 1n costs for extremely heterogeneous trenches. The mobility 
of the waste during dynamic compaction may l imit the application of the 
method because of concern for the contamination of groundwater and 
compaction equipment or occupational exposure 1f the fa l l ing mass should 
penetrate waste material. Additionally, the application of the fal l ing mass 
method at a specific si te may be limited by the geotechnlcal requirements 
for locating and moving the crane at the s i te . A final l imitation on the 
application of the method results from the shock waves produced during 
dynamic compaction. These energetic waves could result 1n potential damage 
to nearby buildings or structures In some applications. However, an 
application of the method 1n an urban environment has been successful in 
compacting to a depth of 6 m (20 f t ) without inducing excessive peak 
part icle velocities during the compaction process (Civil Engineering 1981). 
The weight was a relat ively l ight 11 metric tons (12 tons), and the height 
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of the drop was 10 m (30 f t ) . The fal l ing mass method may not be 
effective 1n a sealed trench where water has collected. Guyô  ( I t . , 
reports d i f f icu l t ies 1n compacting areas where the water table ic less than 
2 m below the surface. 

3.6 PILE DRIVING 

Driven piles are commonly used as foundations irtiere the use of otner load-
bearing methods, such as spread or :nat foundations, is undesirable. The 
compaction and consolidation of emplaced waste represents a relat ively new 
application of pile driving. The technique is attractive because it can 
provide void reduction at depth. Alternatively, pile driving can be used to 
construct vertical sand drains in preparation for surcharging (Sect. 3 .4) . 

3 .6 .1 Description 

Piles are slender underground columns that , when used as foundations, 
support loads by bearing at the end, f r ic t ion along the sides, and 
adhesion to the surrounding so i l . Piles are classified as either bearing 
piles or f r ic t ion piles depending on which mechanism is dominant in 
supporting the applied load. Piles are typical ly made of steel, timber, 
concrete, or a composite of timber and concrete. 

Methods for driving piles Include hammering, je t t ing , boring, jacking, and 
vibrating (Sowers and Sowers 1970). Hammering, striking the pi le with a 
fa l l ing weight or piston-driven ram, is the most common method for driving 
piles and is the preferred technique for application to shallow land burial 
trenches. Other methods have tha disadvantage of producing smaller-
amplitude disturbances away from the pi le t i p . I f hammering is precluded as 
a result of concern for nearby structures, vibrating may be employed. This 
technique could require a greater pile density. Jett ing, boring, and 
jacking are not applicable to shallow land burial trenches. 
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Pile driving can produce effective compaction 3 to 6 p i le diameters below 
the pi le and 3 to 5 pile diameters horizontally (Phil l ips and Carlson 1981). 
Phil l ips and Carlson (1981) propose two procedures for pile driving for void 
reduction. The f i rs t Involves driving a cylindrical casing with a 
detachable drive shoe Into a trench followed by withdrawal of the casing and 
simultaneous backfil l ing with a low-permeab1l1ty material such as clay or 
grout or with coarse sand I f vertical drains are desired. This operation 1s 
repeated at regular or Irregular Intervals over the surface of a trench, as 
shown 1n Fig. 7. In the second method, the piles are l e f t permanently 1n 
place. Piles are driven ver t ica l ly , with the extensions remaining above 
grade and subsequently being covered by overburden. Figure 8 I l lustrates 
this configuration. 

3.6.2 Application 

Bearing piles can effectively compact most types of unconsolidated soils 
that an? unsaturated. Coarse-grained soils such as sand and gravel can be 
compacted even when saturated; however, saturated s i l t and clay will be 
displaced vertical ly along the sides of a p i le , when driven, resulting 1n 
l i t t l e compaction as well as upl i f t ing of the surface near the pi le. 

Pile driving has been proposed as a postclosure action to minimize long-term 
trench subsidence. Pile driving may achieve volune reduction through direct 
compaction beneath each p i le , along with void reduction 1n the area around 
each pi le as a result of the pile-Induced vibrations propagating through the 
waste and f i l l material. Therefore, bearing piles are preferred for this 
application. A reduction of both packing and interior voids can be achieved 
by the direct Impact of the pile on waste. In the case of Interior voids, 
void reduction would result from a pile penetrating a container. Packing 
voids surrounding a pile can be reduced as a result of p1le-dr1v1ng-1nduced 
vibrations that cause loose f i l l material to enter voids (F1g. lb) or waste 
settlement through the disruption of bridges (F1g. l a ) . 
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ORNL-DWG 83-12911 

Fig. 7. I l lustrat ion of void reduction by driving removable piles. 
Source: S. J. Phi l l ips, and R. A. Carlson, 1981. Alternatives to 

Control Subsidence at Low-Level Radioactive Waste Burial Sites. Report No, 
KHU-LD-i/z, Kockweii international, Richland, Wash. 
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ORNLDWG 83-12012 

F1g. 8. I l lustrat ion of void reduction by driving fixed piles. 
Source: S. J. Phill ips and R. J. Carlson, 1981. Alternatives to 

Control Subsidence at Low-Level Radioactive Waste Burial Sites. Report No. 
RH0-LD-17Z, Rockwell International, Richland, Wash. 
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The application of pi le driving requires a knowledge of the nature of the 
emplaced waste. For trenches known to contain heterogeneous wastes, a 
knowledge of waste position 1s essential to the effective use of piles. 

Pile driving (removable) may be a viable method for localized compaction and 
void reduction 1n relat ively homogeneous wastes; however, pile spacing will 
vary with the nature of the waste and drainage requirements. Pile driving 
may be used 1n heterogeneous wastes relat ively free of large, incompressible 
or Impenetrable Inclusions. As a result of the heterogeneity, settlement 
may be nonuniform, thereby requiring the driving of additional piles and a 
resultant increase 1n cost. Pile driving should be avoided at trenches 
known to contain Incompressible or impenetrable wastes. 

Pile driving may be used with surflcial techniques such as surcharging. One 
application involves driving piles over a regular grid followed by 
surcharging to provide additional compaction, particularly in mounded areas 
between piles (F1g. 7 ) . Another application involves driving piles around 
the trench perimeter followed by surcharging. In this application, pile 
driving is used to reduce voids in the v ic ini ty of trench sidewalls vtoere 
surcharging is least effect ive. This combined method is applicable only to 
trenches with vertical sidewalls since surcharging may be more effective on 
inclined sidewalls. 

Timber piles are probably the only economically viable fixed piles. How-
ever, even chemically treated timber piles will decompose over an extended 
time frame. Thus, f ixed, biodegradable piles may alleviate short-term 
subsidence at the expense of long-term instab i l i ty . Several problems are 
associated with the withdrawal of pi les, such as possible radioactive 
contamination and radiation exposure. Damaged or wedged piles may be 
d i f f i c u l t to withdraw. 

Testing of the pile-driving method on low-level waste disposal trenches is 
planned at an experimental f a c i l i t y on the Ha-^ord Reservation 1n Washington 
(personal communication with S. J. Phi l l ips , February 22, 1983). 
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3.7 IN SITU INCINERATION 

3.7.1 Description 

The principle of 1n situ Incineration 1s to reduce the volume of the 
combustible portion of the burled waste through controlled burning, 
thereby achieving rapid subsidence and leaving l i t t l e material le f t to 
decompose slowly and cause gradual subsidence. The technology for 1n situ 
Incineration has been successfully demonstrated for in situ coal 
gasification. In situ Incineration of waste may not be comparable to coal 
gasification because the bulk of the waste 1s not highly combustible. The 
1n situ Incineration process, which 1s I l lustrated 1n F1g. 9, consists of 
the Injection of a combustible gas through a small-diameter shaft that has 
been dr i l led Into a trench f i l l e d with burled waste. Combustion 1s 
controlled by Injection of compressed a i r through shafts that have been 
dr i l led 1n a specified grid surrounding the gas Injection port. Combustion 
gas and compressed air are Interchangeably Injected Into wells 1n the grid 
to maximize the burning of a l l combustible material burled 1n the trench; 
that 1s, there are no dedicated gas wells or a ir wells. An off-gas 
treatment system, shown 1n Fig. 9 as a portable, modular trench cover and 
f i l t r a t i o n uni t , may be required to treat gaseous Incineration by-products. 
After Incineration 1s complete, the gas and air Injection wells could be 
removed and backfilled or l e f t 1n place and covered with overburden. 

3.7.2 Application 

The following cr i ter ia can be used 1n determining the applicabil i ty of 1n 
situ Incineration as a corrective measure for controlling subsidence at a 
particular burial trench. The f i r s t criterion 1s whether combustible 
material 1s present in suff icient quantity and with proper distribution to 
support combustion. A second criterion Is the soil moisture content. In 
areas of high rainfal l and poor drainage, water would Inhibit the combustion 
of burled waste. A third cri ter ion affecting the applicabil i ty of 1n situ 
Incineration 1n a given situation 1s the presence of local, state, or 
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Fig. 9. Void f i l l i n g promoted by in situ incineration of buried 
combustibles. Source: S. J. Phill ips and R. 0. Carlson, 1981. 
Alternatives to Control Subsidence at Low-Level Radioactive Waste Burial 
Sites. Report No. RHO-LD-172, Rockwell International, Kichland, Wash. 
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federal regulations governing air emissions from Incineration. The nature 
of the burled waste ( I . e . , radioactive elements present), the completeness 
of combustion, and the effectiveness of the off-gas treatment system 
(depicted 1n F1g. 9) 1n removing emissions a l l govern the type and rate of 
emissions from 1n situ incineration. Regulations may exist which prohibit or 
restr ict 1n situ Incineration 1n some areas. 

According to Phill ips and Carlson (1981), 1n situ Incineration has not been 
demonstrated at any burial grounds; therefore, very l i t t l e , 1f any, 
experience has been gained 1n using this method. The method has been 
tentatively selected by Phil l ips and Carlson (1981) for f ie ld testing and 
demonstration. Experimentation will be required to determine the threshold 
percentage of combustible materials and their functional relationship to 
oxygen and moisture contents, type of combustible materials, and other 
factors. I t 1s thought that the method could conceivably decrease the 
volume of burled waste to a small percentage of that occurring under typical 
conditions (Phil l ips and Carlson 1981). 

In situ incineration is not compatible with the simultaneous use of other 
remedial methods for treating subsidence. The network of injection wells, 
corresponding piping and support vehicles, and the emplacement of the 
off-gas cover on the trench essentially prohibit the simultaneous use of 
other techniques such as rol lers, pile driving, and explosives on the same 
trench. However, other methods, such as fa l l ing mass or surcharging, could 
be used after 1n situ incineration. 

S1te-spec1f1c factors that could l imit the use of 1n situ incineration 
Include lack of waste Inventory, high soil moisture content, and air 
pollution emission regulations. The extent to which the method wi l l become 
a standard practice for dealing with trench subsidence wil l depend upon the 
resolution of a variety of uncertainties, Including the following: whether 
or not combustion can be maintained 1n a trench containing a heterogenous 
distribution of combustible materials; the chemical reactions that could 
occur during in situ incineration; the constituents of the off-gas produced 
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during Incineration; and the extent to which regulations would constrain the 
use of the method. The long-term stabi l i ty of the method, i ts r e l i a b i l i t y , 
and whether or not additional maintenance 1s required are al l Issues that 
wil l be resolved when the results of f ie ld testing the method are 
available. 

3.8 ACCELERATED DECOMPOSITION 

I t may be possible to accelerate the decomposition of low-level waste using 
two techniques that have been experimentally tested in sanitary l andf i l l s , 
namely leachate recycling and aerobic stabi l izat ion. Both techniques would 
Induce subsidence since decomposition causes reduction 1n the volume of 
waste. 

3.8.1 Description 

Leachate recirculation could be accomplished 1n trenches equipped with 
drains or 1n cases where leachate collection systems could be devised. 
Leachate recirculation maintains moisture content at optimum levels for 
bacterial populations. At a test landf i l l 1n Wisconsin, subsidence was 
measured with and without leachate recirculation (Leckle et a l . 1979). The 
I n i t i a l moisture content of the waste and the amount of in f i l t ra ted water 
caused subsidence equivalent to about 8% of the original refuse thickness. 
Recirculating the leachate on a daily basis produced subsidence ranging from 
13-20% of the i n i t i a l refuse thickness. 

Aerobic stabil ization accelerates 1n situ decomposition by supplying 
sufficient oxygen to maintain an aerobic environment in waste trenches. 
This technique, which has been demonstrated at a test sanitary landf i l l 
(Stone 1975), achieves the same purpose as leachate recirculation and in 
situ Incineration, but with potentially fewer environmental problems. 

Aerobic stabil ization was demonstrated by constructing a pi t underlain with 
an air distribution system consisting of a 10.2-cm- (4-1n.-) diam perforated 
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clay pipe connected to a blower. Waste with an 1n-place dry density ranging 
from 420-555 kg/m3 (700 to 920 lb/yd3) was aerated 1n the 4.6-m-
(15 - f t - ) deep landf i l l cell for about 90 days. Prior to aeration, a 
settl ing rate of 0.000381 m/day (0.00125 ft /day) was observed; af ter 
aeration, the settling rate increased to 0.00295 m/day (0.00967 f t /day ) , 
thus exhibiting almost an eightfold Increase 1n the settling rate. A 7% 
volume reduction was produced by the aeration. For comparison purposes, an 
anaerobic control cell of the same dimensions exhibited a settling rate of 
0.000164 m/day (0.000537 ft /day) after 96 days. Approximately 0.03 to 0.61 
kg of O2 per kilogram of waste was required to promote subsidence. 

To use aerobic stabil ization as a corrective measure for low-level 
radioactive trenches, Injection wells could be dr i l led Into the trench (as 
proposed for 1n situ Incineration), and air could be Injected via the wells. 
This could be continued until measurable subsidence ceases. Then, standard 
compaction techniques could be used to consolidate the decomposed waste 1n 
the trench. Although the results of such a corrective method are l ikely to 
be less dramatic than those obtained 1n the specially designed test 
l a n d f i l l , aerobic stabil ization could help reduce long-term subsidence from 
decomposition. 

Aerobic stabilization Is less l ikely to present air and water pollution 
problems than 1n situ Incineration or leachate recirculation. A1r pollution 
1s potentially less because the exhaust gases are less l ikely to Introduce 
radioactive substances Into the a1r, as could be the case with in situ 
Incineration. The exhaust gas composition (by volume) measured after 
stabil ization at a test land f i l l was 80% nitrogen, 10% carbon dioxide, 8% 
oxygen, and 2% miscellaneous gas (e .g . , methane, carbon monoxide, 
etc.)(Stone 1975). Water pollution is less of a problem because there is no 
contaminated leachate to dispose of, as would be the case with leachate 
reclrcul atlon. 



3.8.2 Application 

The techniques for accelerating decomposition would be of greatest value 1n 
cases where the low-level radioactive waste has high organic content. 
Since decomposition causes subsidence to occur slowly over long periods of 
time, methods to accelerate decomposition may be very desirable for 
achieving long-term stabi l izat ion, especially when followed by compaction 
capable of eliminating Interior void space. 

Leachate recirculation could be most readily applied to trenches already 
equipped with drains or to trenches with saturated conditions where draining 
or dewaterlng would be highly desirable. A serious disadvantage to leachate 
recirculation 1s the need to treat or somehow dispose of the radioactive 
leachate at the end of the operation. Both methods of accelerating 
decomposition require that the treatments continue over a period of months 
to achieve reasonably complete volume reduction. 

Techniques that accelerate decomposition do very l i t t l e to promote void 
f i l l i n g or to prevent resultant subsidence, iri most cases, leachate 
recirculation or aerobic stabil ization would require substantial additional 
compaction to achieve stabi l izat ion. 

Neither technique has ever been applied to low-level waste trenches, and 
proof of feas ib i l i ty would require a demonstration. I t is possible that the 
gases escaping from the trench will require treatment to remove 
radioactivity or that the techniques wi l l cause unacceptable outgassing of 
radionuclides. 



4. DISCUSSION AND CONCLUSION 

4 .1 EVALUATION OF CORRECTIVE MEASURES 

Assessing the methods proposed for correcting subsidence 1n low-level 
radioactive waste trenches 1s d i f f i c u l t , since most techniques have never 
been used for this purpose. This assessment of stabilization measures is 
based on the available relevant experience and 1s necessarily tentative. 
Corrective measures are evaluated on three cr i ter ia : effectiveness, 
applicabil i ty, and cost. 

4 .1 .1 Effectiveness 

The effectiveness of proposed stabil ization measures is predicted on the 
basis of (1) the abi l i ty of the techniques to counteract the mechanisms of 
subsidence and (2) the densities l ike ly to be achieved. 

Six mechanisms can contribute to subsidence (Sect. 2.1) . Table 6 indicates 
the abi l i ty of the corrective measures to counteract these tnechanistis; none 
of the proposed techniques is effective against all of them. However, for 
the most important mechanises ( f i l l i n g of packing voids and internal voids), 
three corrective measures are l ikely to be effective in some cases: 
grouting, fa l l ing mass, and pile driving. 

To be effective in stabil izing low-level radioactive waste trenches, a 
corrective measure must be able to eliminate or greatly reduce internal void 
space. The fa l l ing mass technique can do this i f the mass and height of 
drop exert sufficient force to collapse or rupture waste containers. For 
grouting, f i l l i n g of interior void space requires penetration of waste 
containers by qrout injection pipes. Pile driving can eliminate interior 
void space only i f the pile ruptures waste containers or i f the waste 
container l ies close enough to the pi le (<5 pi le diameters) to be compacted. 
Thus, the effectiveness of grouting, pi le driving, and fa l l ing mass all 
depend on the spacing at which the measures are applied. 

47 



Table 6. Effectiveness of corrective measures against subsidence mechanisms 

Corrective Measures 

Subsidence 
mechani sm 

Rollers 
and 

vibratory 
compaction 

Grouting Explosives Surcharging Falling 
mass 

Pile 
driving 

In situ 
incineration 

and 
accelerated 

decomposition 

F i l l ing packing voids Yesa Yes Yesb'c Yes Yes Yes d 

F i l l ing internal voids No d,e No No Yesd ' f e,f d,e 

Collapse of trench 
wall No Yes d Yes9 Yes9 Yes d 

Chemical and biological 
degradation No d,h No No No No Yes 

Consolidation of soil 
and waste 

Yesa Yes Yesb'c Yes Yes Yes No 

Shrink and swell 
phenomena No Yes1 No No No No No 

Ef fec t ive only to limited depth. 
E f f e c t i v e only in soils without cohesion. 
cEffective in saturated soils. 
^Uncertain. 
e0epends on penetration of waste containers. 
^Depends on compaction of containers ( i . e . , requires stresses which exceed strength of containers). 
9These techniques may be used to intentionally collapse trench walls. 
^Moisture from grout may increase short-term degradation but decreased permeability may decrease 

long-term degradation. 
'Lime grouts may alter shrink/swell characteristics of soils. 
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The three methods discussed above have no effect on chemical and biological 
degradation; even after these measures are applied, continuing decomposition 
of orqanic wastes and further soil consolidation may cause minor subsidence. 
I f these methods are only part ia l ly effective in f i l l i n g interior voids, 
additional subsidence may be significant. 

The density of waste in trenches 1s partly a function of the void space, and 
the density which a corrective measure can produce may be a useful 
indication of stabil ization. The density of radioactive wastes 1s seldom 
measured directly either before or after burial because of the possible 
exposure to personnel which would result . However, measurements of the 
density of wastes are available from sanitary landf i l ls . 

Typically, well-compacted but unprocessed landfi l l debris has a unit dry 
weight of about 480 kg/m3 (30 i b / f t 3 ) (Ham et al. 1978). A landf i l l can 
be expected to show settlement of approximately 25% of its thickness in two 
years, and additional settlement beyond that may range from 1 to 33% 
depending on the amount of decomposible material present (Committee on 
Sanitary Engineering Research 1959). This represents a total settlement of 
up to 50% and an increase in density of approximately 100%. Thus, a 
landf i l l may reach quasi-stabil i ty after an indefinite time period at a dry 
density of approximately 960 kg/m3 (60 l b / f t 3 ) . 

Low-level waste frequently contains a large fraction of trash similar to 
that in an ordinary landf i l l . Because i t is handled less during 
emplacement, low-level waste in trenches 1s probably less dense +.nan refuse 
in landfi l ls of the same age. Nonetheless, i f low-level waste trenches were 
undisturbed, their contents would probably experience settlement and 
increases in density with time similar to that observed in sanitary 
landf i l ls . Settlement would probably be less rapid 1f much of the waste 
were placed in metal containers. However, i f experience from sanitary 
landf i l ls is a rel iable indication, wastes densified to 960 kg/m3 
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(60 1b/ft3) are likely to experience l i t t l e subsidence unless additional 
loads are inadvertantly placed on them. 

A density of 960 kg/m^ represents approximately 50* of the density of 
natural soils. While construction f i l l s are frequently compacted to 80-90% 
of the density of natural soils, such f i l l s are Intended to bear large 
static loads (e.g., the weight of an embankment or building) or dynamic 
loads (e.g. , from highway t ra f f ic ) . In the case of low-level waste trenches 
the load that must be carried 1s the weight of the waste I tse l f , backfilled 
material, the trench cap, and the maximum water content. In addition, the 
waste may be required to support occasional dynamic loads such as seismic 
events and inadvertent vehicular t raf f ic . While a trench with a density of 
960 kg/m3 (60 Ib/ft^) may not support an appreciable load, 1t may be 
capable of supporting a thin cap Indefinitely. Thus, this density 1s 
suggested as a target criterion for stabilization. 

Data in Sect. 3 suggest that at least one method, fall ing mass, 1s capable 
of achieving densities of 960 kg/m-* or greater. At a depth of 6 m, peat 
subjected to dynamic consolidation underwent a 29% Increase in bulk density 
from 1420 to 1830 kg/m^ (see Table 5). Grouting and pile driving may also 
be capable of producing densities of 960 kg/m^ because these methods 
involve adding substantial mass to the trenches. Table 4 indicates that, 
while explosives can achieve >50% Increases in density of sand, the 
performance is variable and densities may also decline substantially. I t is 
not known whether surcharging, in situ incineration, and accelerated 
decomposition would achieve densities of 960 kg/m^. Experience with 
roller compaction indicates that i t produces inadequate denslficatlon at 
depth to achieve stabilization. Future research on stabilizing low-level 
waste trenches should focus on measuring the densities achieved by various 
proposed corrective techniques and correlating these densities with the 
load-bearing capability of trenches and their degree of stabilization. 

In summary, the effectiveness of corrective measures is predicted on the 
basis of capability to counteract subsidence mechanisms and denslfication 
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capabil ity. By these cr i ter ia fal l ing mass, pile driving, and grouting are 
considered l ikely to be effective 1n some cases. Pile driving and grouting, 
however, are unlikely to f i l l a majority of Interior voids. The 
effectiveness of In situ Incineration and accelerated decomposition are 
uncertain; surcharging 1s probably Incapable of f i l l i n g Interior voids, 
because the forces exerted can only collapse weak containers such as those 
which have undergone substantial corrosion. Two methods, explosives and 
rol ler compaction, are considered unlikely to be effective. 

4.1.2 Applicability 

The measures proposed for correcting subsidence have varying applicability 
depending upon their sui tabi l i ty to local conditions, the ease with which 
they can be used, and the limitations inherent 1n the techniques. For 
Instance, soil moisture conditions are an Important factor affecting whether 
corrective measures are applicable. As indicated in Table 7, rol ler 
compaction, in situ Incineration, and accelerated decomposition cannot be 
used with saturated conditions, whereas explosives are best suited to use in 
saturated conditions. Since trenches 1n the arid west are unlikely to be 
saturated, explosives wi l l probably be unsuitable for use at these sites. 
Conversely, since a larger fraction of trenches at eastern sites are 
saturated or close to saturation, in situ Incineration and aerobic 
stabil ization are less l ike ly to be suitable at these sites. 

In Table 8, corrective measures are ranked according to applicabil ity, and 
many limitations which apply to the corrective measures are summarized. 
Roller compaction, grouting, surcharging, and fa l l ing mass are considered 
widely applicable, while pile driving, in situ incineration, and accelerated 
decomposition have somewhat limited applicability due to various limitations 
such as the requirement for low-moisture content or homogeneity of waste. 
Use of explosives is classif ie* as having very limited applicabil ity because 
of the potential for damage to structures and the technique's greater 
sui tabi l i ty for use with saturated conditions. 
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Table 7. Suitabi l i ty of corrective measures 
to soil moisture conditions 

Soil moisture condition Corrective measure 
Saturated Part ia l ly saturated 

Rollers and 
vibratory compaction No Yes* 

Grouting Yesb Yes 

Explosives Yes No 

Surcharging Yesc Yes 

FalUnq mass Yesc Yes 

Pile driving Yes Yes 

In-s1tu incineration No Yesd 

Accelerated decomposition No Yesd 

Optimum moisture content Is usually slightly dryer than optimum 
level for achieving maximum Proctor density, 

bsoll water may be displaced to surface. 
^Requires escape path for soil water. 
dRequlres low degree of saturation. 



Table 8. App l i cab i l i t y and l im i ta t ions of correct ive measures of trench subsidence 

S tab i l i za t i on method App l i cab i l i t y Remarks 

Rol lers and v ibratory Widely applicable 
compaction 

Grouti ng 

Explosives 

Surcharging 

Fa l l i ng mass 

P i l e dr iv ing 

In s i t u 
inc inera t ion 

Accelerated 
decomposition 

Widely applicable 

Very narrow applica-

Widely applicable 

Widely applicable 

Limited appl icat ion 

Limited appl icat ion 

Limited appl icat ion 

Limited depth of compaction 

Viscous grouts w i l l not penetrate impermeable so i l s ; high costs; 
grouting pipes may rupture containers; possible contanination of 
equipment; in t roduct ion of water in to wastes; pipes may breach 
trench l i n e r . 
Potential damage to st ructures; may mobil ize or disperse wastes; 
high costs i f repe t i t i on i s necessary; most e f fec t i ve in saturated 
sand. 

May require adequate drainage or construction of drains; loadings 
adequate to collapse containers probably are not feasible; may 
require leaving in place for many months. 
Uneven compaction; requires space and strong foot ing fo r equip-
ment; potent ia l damage to s t ructures; possible contamination of 
equipment; high costs i f close spacing is required. 

Suitable for homogeneous waste and to f i l l imeven compaction; 
requires space and strong foot ing fo r equipment; potent ia l damage 
to st ructures; may breach any trench l i n e r ; high costs i f close 
spacing is required; d i f f i c u l t in heterogeneous wastes; p i les may 
buckle with inadequate la te ra l support. 

Trench must have high percentage of combustible wastes; unworkable 
with high trench moisture content; offgases may require treatment 
or may disperse radionucl ides; requires information on trench 
contents t o avoid explosive react ions; contamination of well 
pipes; uncertain costs. 

Suitable fo r trenches wi th high organic content wastes; unworkable 
with saturated condi t ions; requires trench drainage system or 
wel ls to introduce a i r to wastes; must continue fo r many months. 



54 

4.1.3 Costs 

Ph1111ps and Carlson (1981) and Kahle and Rowlands (1981) have estimated the 
costs of corrective measures (Table 9) based on the costs of materials and 
equipment. Table 9 also Indicates the ranking of estimated costs from the 
lowest-cost measures (compaction by rollers) to the most expensive (grouting 
techniques). Falling mass ranked as one of the lower-cost alternatives 1n 
both evaluations. Kahle and Rowlands also ranked surcharging as a low-cost 
alternative, while Phil l ips and Carlson ranked certain methods of 1n situ 
incineration and explosives as lower-cost methods. 

In the two studies, surcharging received rather different cost rankings. 
Kahle and Rowlands (1981) assumed that 2 m (6 f t ) of soil was placed over 
trenches, while the assumptions used by Phillips and Carlson were not 
Identi f ied. Since surcharging can Involve soil depths of 6 m (20 f t ) or 
perhaps greater, with surcharges l e f t in place for up to 18 months, Kahle 
and Rowland's estimate may represent the lower range of costs for that 
method. However, 1f surcharging is performed sequentially on many trenches 
in a burial ground, costs may be reduced by reusing the soil many times. 

The costs of corrective measures are uncertain at present, and without 
experience in the use of these methods on radioactive waste trenches, these 
estimates must be regarded as very preliminary. Phil l ips and Carlson (1981) 
note that costs will vary with (1) the form of waste, (2) burial structure 
size and shape, (3) number of burial structures per s i te , and (4) the 
occupational exposure l imi ts . Other factors that will undoubtedly affect 
costs include (5) whether there are adequate records on the type and 
location of wastes and (6) local , state, and federal regulatory constraints. 
Field work on SLB trenches using these corrective measures must be completed 
before cost estimates can be made confidently. 
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Table 9. Estimated cost of alternative corrective measures. 

Phil l ips and Carlson3 Kahle and Rowlands'5 

Method Cost 1n $1000 
for hypothetical 

burial site 

Rank Cost 1n $1000 Rank 
for typical 

trench 

Rollers 30 - 40 1 19 1 

Vibroflotatlon 
- without grout 
- with grout 

260 - 330 
2,730 - 4,100 

6 
11 

-

Grouting 
- with soil cement 
- with soil cement and 

acryl amide 

- 361 5 

854 6 

Explosives 
- without surface plates 
- with surface plates 

120 - 150 
960 - 1,200 

4 
10 

-

Surcharging 650 - 910 8 49 2 

Falling mass 90 - 120 2 59 3 

Pi le driving 
- piles in place 
- piles removed 

820 - 1,020 
230 - 290 

9 
5 

In situ incineration 
- wells in place 320 - 420 7 
- wells removed 100 - 130 3 

information from Table 1, S. J. Phi l l ips , and R. A. Carlson, 1981. 
Alternatives to Control Subsidence at Low-Level Radioactive Waste Burial 
Sites. RHO-LD-i/Z, Rockwell Hanford Operations, Richland, Wash. 

"Information from Table 14, R. Kahle, and J. Rowlands, 1981. 
Evaluation of Trench Subsidence and Stabil ization at Sheffield Low-Level 
Kad 1 oact 1 vTTfeste D1 sposal hac 111 ty . NURE6/CK-Z1Q1, Prepared by Ralph stone 
& Co., Inc. for the U.S. Rue1 ear Regulatory Commission, Washington, D.C. 
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4.1.4 Discussion 

Corrective measures for subsidence are ranked 1n Table 1 according to 
three cr i te r ia : effectiveness, applicabil i ty, and cost. Table 1 
Indicates that only one method, fa l l ing mass, can be considered both 
effective and widely applicable, and that this method also involves low cost 
relat ive to other techniques. 

Other techniques may be useful on a more limited basis. Pile driving, for 
instance, may be applied i f trenches contain few large objects which could 
block pi les, or 1f there are accurate records vrfiich rel iably Indicate the 
locations of large objects. Surcharging can be used where wastes are not 
packaged in strong containers or on older trenches in which metal containers 
are weakened by corrosion. In situ incineration and accelerated decomposi-
tion may be useful in trenches with high organic content. Grouting may be 
useful for specific applications such as stabil izing an area of persistant 
subsidence or constructing grout curtains. The high cost of grouting, 
however, is l i ke ly to restr ict i ts large-scale use on entire trenches. Use 
of explosives is l ikely to be extremely l imited, since saturated soil 
conditions are less common in trenches and because of the costs, lack of 
effectiveness in f i l l i n g internal voids, and possible damage to structures. 
Rollers and conventional compaction wil l find continued use for 
reconstructing trench caps, but these techniques are unlikely to be 
effective except in very shallow trenches. 

I t must be emphasized that no single corrective technique appears capable of 
permanently or completely stabi l iz ing trenches. In some cases, two or more 
corrective measures may provide f a i r l y complete control of subsidence. 
However, in many cases, cost considerations wi l l probably dictate the 
application of only one corrective measure, followed by a period in which 
the results are evaluated. Thus, even after some corrective measure is 
applied, periodic inspection and maintenance of low-level waste disposal 
areas wil l probably be necessary, although their frequency may be 
substantially reduced. 
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4.2 APPLICATION OF CORRECTIVE MEASURES IN REMEDIAL ACTION PROGRAMS 

In considering whether corrective measures should be applied at a disposal 
s i te , decisionmakers must perform a tradeoff analysis which compares the 
continuation of current practices with the application of one or more of the 
corrective measures described 1n this report. Such an analysis must 
consider the benefits, risks, and costs of the options in question. 

At most disposal sites for low-level radioactive waste, the current practice 
1s to periodically Inspect trenches, f i l l slumped areas, regrade and compact 
the f i l l , and revegetate i f necessary. Table 10 compares the benefits, 
r isks, and costs of current practices with those of additional corrective 
measures. The principal benefit of any techniques which stabil ize 
subsidence is reduction in the costs of mair: .jnance for waste disposal 
areas. Stabilization might also provide institutional benefits such as 
allowing site closure and/or lessening the extent of administrative control. 
I t is uncertain whether application of subsidence control measures would 
provide any immediate improvement in the performance of trenches in 
isolating wastes, since existinq practices should presumably prevent 
subsidence from increasing the dispersal of nuclides. However, a major 
benefit of stabil izing trenches would be increased assurance that future 
performance of trenches would not be compromised by subsidence. 
The costs of current maintenance at low-level waste disposal areas are not 
well documented but appear to be quite variable. At the Sheffield si te , 
Kahle and Rowlands (1981) estimated annual costs of $21,000 to $29,000/yr, 
while for the burial sites at ORNL costs have been estimated at 
approximately $l ,200/yr , based on six person-days/year spent in this 
act iv i ty (Tom Grizzard, ORNL, personal communication to R. D. Roop, 
Sept. 8 , 1982). The estimated costs at Sheffield are based on the following 
assumptions: trenches are inspected on a monthly basis, requiring one 
person-day per inspection; regrading is performed four times/year at a cost 
of $2,500 each time; revegetation is assumed to cost $4000 to $10,000 per 
year; and a 25% contingency allowance is added. 



Action 

Table 10. Tradeoffs wi th appl icat ion of co r rec t i ve measures 

Benefits Risks Costs 

Continue with current 
practice (inspection, 
f i l l i ng , grading) 

No change in operation Massive subsidence may 
cause accidents, e.g. 
equipment falls into 
subsidence pothole 

Failure to perform main-
tenance could lead to 
uncorrected subsidence 
and possible dispersal 
of radionuclides through 
groundwater or air 

Routine maintenance, 
ORNL: 6 person-days/yr 
@$25/hr - $l,200/yr 

Sheffield: $21,000 to 
$29,000/yr 

Non-routine costs, e.g., 
costs of accidents 

Apply additional 
corrective measures 

Costs of extended 
maintenance reduced 
or avoided 

Institutional benefits, 
e.g. , site closure 

Improved isolation of 
wastes? 

Intrusive corrective 
measures may cause 
damage to trench 
liners, contamination 
of equipment, increased 
dispersion of radio-
nuclides 

Damage to nearby 
structures (from 
explosives or pile 
driving) 

Costs variable, 
$30,000 - $4,000,000 
per disposal area 
(See Table 9) 
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Several factors probably account for the variation in costs between ORNL and 
Sheffield. Subsidence 1s a greater problem at Sheffield than at ORNL. 
Sheffield's trenches are deeper than ORNL's, and Sheffield's soils are a 
collapsible loess while ORNL's soils are predominantly clay. Another factor 
affecting costs is that disposal activit ies are continuing at ORNL, while 
the Sheffield site has been f i l l e d . At ORNL, no costs are allocated for 
inspections specifically for subsidence; depressions are noted during 
lawn-mowing and other routine maintenance. These depressions can be f i l l e d 
by existing personnel using onsite equipment, thus greatly reducing the 
incremental costs. 

At present, much of the necessary information is lacking for making an 
accurate tradeoff analysis of applying corrective measures. Knowledge of 
the actual costs of both current maintenance and corrective measures is 
poor, and i t is not clear exactly how effective the measures will be i f 
applied. Field demonstrations of the techniques are needed to determine 
costs and effectiveness. The assessment of risks and benefits also requires 
site-specific information. For instance, i f i t can be shown that subsidence 
at a site has contributed significantly to environmental dispersion of 
radionuclides, this would increase the benefits derived from stabilizing 
subsidence. 

4.3 CONCLUSION AND RECOMMENDATIONS 

4.3.1 General Evaluation 

Althouqh i t is impossible to desiqnate a "best" method for correcting 
subsidence in SLB trenches, the falling-mass technique has significant 
advantages over others. I t is capable of eliminating interior voids in the 
deeper layers of a trench and its estimated cost is low relative to the 
other proposed techniques. This suggests that fa l l ing mass is l ike ly to be 
the most useful single technique for stabilizing subsidence and the 
technique which would yield the greatest payoff from further development and 
f ie ld demonstration. Other proposed techniques, especially pile driving, 
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grouting, and surcharging, are l ike ly to be useful on a limited basis, for 
Instance, as part of a stabil ization program combining two or more 
techniques or where the characteristics of a specific site or trench make 
their use appropriate. 

4.3.2 Site-specific application 

Application of corrective measures requires some detailed analyses of the 
characteristics of individual sites and, in some cases, of individual 
trenches. Factors which must be considered include the age, design, and 
moisture content of trenches, and the soils, hydrologic aspects, history of 
subsidence, and the avai labi l i ty of records on trench contents. By weighing 
these factors against the capabilities of corrective measures, the 
appropriate techniques can be selected. The decision of whether or not to 
apply these additional corrective measures requires an overall tradeoff 
analysis that considers costs, r isks, and benefits (Sect. 4 . 2 ) . 

4.3.3 Need for f ie ld demonstrations 

Many of the uncertainties about the cost and effectiveness of corrective 
measures can be best resolved by experimental f ie ld demonstrations. Such 
tests would establish the feas ib i l i ty of the techniques, allow more accurate 
estimation of costs, and reveal any unexpected side effects. Especially 
useful would be controlled experiments which compared dispersion and 
migration of nuclides or tracers in trenches with uncontrolled subsidence, 
trenches maintained by f i l l i n g and compacting depressions, and stabilized 
trenches. 

With the f ie ld testing of corrective measures on low-level radioactive waste 
trenches, effectiveness of techniques would be demonstrated by the presence 
or absence of subsidence in subsequent months and years. Field tests might 
also indicate c r i t e r i a for effective stabil ization by providing measurements 
of the amount of settlement produced and/or the densities achieved in 
stabilized trenches. Experience with sanitary landf i l ls suggests that total 
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settlement of 50% of the height of a f i l l produces quas1-stab1l I ty . Thus, 
f ield tests should measure the amount and rate of settlement produced by a 
corrective technique and add this to the settlement recorded or estimated 
for the trench since f i l l ing . 

Measuring the densities produced by corrective measures in actual waste 
trenches may present problems of sampling and personnel exposure. Field 
tests might therefore include "cold experiments" in which corrective 
measures would be applied to simulated trenches containing non-radioactive 
wastes and perhaps tracers. With such tests, wastes would be exhumed to 
allow measurements of density and determination of whether waste containers 
were ruptured or collapsed. 

Field tests of the falling-mass technique should receive the highest 
priority. Intermediate priority should be given to surcharging, pile 
driving, qrouting, and various combinations of techniques. Testing of in 
situ Incineration and accelerated decomposition may be justified if there 
are indications that blodeqradation contributes substantially to subsidence 
at specific sites or trenches. Field tests of explosives do not appear to 
be warranted. 
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