Journal of Hazardous Materials, 18 (1988) 189-206 189
Elsevier Science Publishers B.V., Amsterdam — Printed in The Netherlands

PHYSICAL STABILIZATION TECHNIQUES FOR MITIGATION
OF ENVIRONMENTAL POLLUTION FROM DIOXIN
CONTAMINATED SOILS

WILLIAM H. VICK, WILLIAM D. ELLIS

Science Applications International Corporation, 476 Prospect Street, La Jolla, California 92037
(USA.)

DONALD E. SANNING, EDWARD J. OPATKEN

U.S. Environmental Protection Agency, Hazardous Waste Engineering Research Laboratory,
26 West St. Clair Street, Cincinnati, Ohio 45268 (U.S.A.)

(Received November 1, 1987; accepted in revised form February 3, 1988)

Summary

Techniques for physically stabilizing dioxin contaminated soils with Portland cement and as-
phalt have been investigated in the laboratory. The results indicate that these materials can be
used to stabilize and prevent dispersion of contaminated soils through wind or water erosion. In
particular, these techniques should prove useful where contaminated soils are to be excavated and
transported elsewhere for containment or interim storage in a secured facility. Because of the very
low aqueous solubility of dioxin, some of the leaching results were inconclusive.

Introduction

Dioxin surfaced as an environmental contaminant of particular concern in
the early 1970s as the result of investigative work performed by several gov-
ernment agencies. Early toxicity studies revealed that 2,3,7,8-tetrachlorodi-
benzo-p-dioxin (TCDD) was extremely toxic in mammalian species. This factor
coupled with the growing evidence of relatively frequent environmental occur-
rence formed the basis for this concern. Investigation of health problems within
certain areas of Missouri led to the identification of dioxin as a potential caus-
ative agent. This and other events led to additional field surveys which ulti-
mately revealed that polychlorinated dioxin contamination of surface and
subsurface soils was fairly widespread, particularly in the state of Missouri.

It is believed that TCDD was first introduced into areas of eastern Missouri
via waste oils containing varying levels of TCDD contamination which were
sprayed at a number of horse arenas and roadside areas for dust control. At
several of the horse arenas, numerous illnesses and deaths occurred among
animals, and there were instances of skin lesions and other maladies observed
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in children and adults who were exposed to the oiled arenas. An investigation
by the State into the source of these health problems resulted in a sample of
the waste oil being sent to the Center for Disease Control (CDC) for analysis.
The CDC identified one of the toxic compounds in the waste oil as dioxin.

On December 15, 1983, the U.S. Environmental Protection Agency (EPA)
issued a national dioxin strategy for investigating, identifying and cleaning up
sites contaminated by TCDD [1]. Within the framework of this strategy was
a plan that called for research to be conducted on the technical feasibility and
economics of alternative methods for disposal and destruction of wastes and
soils contaminated by dioxin. Several projects were initiated in 1984 [2] as
part of this strategy. The projects can be categorized as pertaining to TCDD
mobility, containment, destruction and stabilization.

A number of investigators have documented the extremely low mobility of
TCDD and related chemicals using both laboratory samples and actual field
samples [2-8].

Containment of TCDD contaminated soils in underground mines was in-
vestigated [9]. Destruction studies were run using incineration in an EPA-
developed mobile incinerator [10,11]. Biodegradation was attempted with white
rot fungus (Phanerochaete chrysosporium) [12-14]. Chemical destruction-
/detoxification was studied using alkali polyethylene glycolates [15-18].

Regardless of the low aqueous mobility of dioxin in soils, dispersion still can
occur through wind and/or water erosion of the soils themselves. The tech-
nology investigated in this study would be applicable in situations where (a)
no remedial action is anticipated in the near future, and it is desired to stabilize
the site until remedial action is undertaken; and (b) active remedial action is
underway using heavy equipment, and unintentional migration of contami-
nation off-site must be eliminated. A study on stabilization was undertaken
using soils contaminated with TCDD, from three locations in Missouri. This
paper reports on that study.

To prevent migration of the TCDD at these sites and reduce the potential
for human exposure, soil stabilization and encapsulation techniques for the
contaminated soil were investigated. Portland cement and asphalt were se-
lected for use in this study since each has been used for stabilization of waste
materials, both can be easily mixed with soil to produce a stable solidified ma-
trix, the technology and equipment for in situ application are readily available
for both, and both appear to be cost effective.

The stabilizing materials are also of interest for potential use as a pretreat-
ment for contaminated soils which would require extensive handling or off-site
transportation. In this context, in situ stabilization of contaminated soil would
be used as an initial procedure for dust control and containment immobiliza-
tion in order to make safer the necessary soil removal, transportation and han-
dling activities.

Within the overall goal of evaluating the effectiveness of existing stabiliza-
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tion technologies for use as an interim remedial measure for dioxin, the follow-
ing specific objectives were defined:
+ Identify promising physical stabilization components.
- Evaluate formulations in the laboratory to:
{1)Determine the preferred soil stabilizer using protocols and criteria of the
construction industry.
(2)Subject the formulations to simulated accelerated weathering
(3)Subject the formulations to leach procedures.
- Assess the probability of successful field implementation.

Procedure

Three Missouri sites, each characterized by a high level of dioxin contami-
nation over a relatively large area, were selected as sources of soil for stabili-
zation testing. To increase the applicability of this evaluation, several soil types
were obtained to determine the degree of influence that soil variations have on
the formulations.

The soils were significantly different in particle size characteristics and other
physical characteristics considered important. Table 1 and Fig. 1 outline the
key differences.

Five materials were considered for use in this project: Portland cement,
emulsified asphalt, asphalt cement, cutback asphalt and sulfur-extended as-
phalt, however, only the first two were chosen for this study principally be-
cause they do not require heating, therefore minimizing the possibility of dioxin
vaporization.

TABLE 1

Various soil measurements

Measurement Soil identification
Minker site Piazza Road Sontag Road

Atterburg limits

liquid limit 25 24 36

plastic limit 23 17 30

plasticity 2 7 6
USDA textural classification Sandy Loam Sandy Loam Silt Loam
pH 7.8 6.5 7.7
Sulfate concentration, (%) 0.07 0.13 0.21
App. specific gravity 2.56 2.60 2.52
Dioxin concentration*, (ppb) 700 640 32

(2,3,7,8-TCDD isomer)

*For particles < 2.0 mm in diameter. (See text for particle size rationale).
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Fig. 1. Semi-log plot of particle size accumulation.

Experimental approach

A brief overview of the experimental approach employed for determining the
feasibility and effectiveness of in situ stabilization of dioxin-contaminated soils
follows.

Formulation of optimized soil-Portland cement mixtures

Development of optimized soil-cement mixtures entailed optimization of
the relationship between two key variables, cement content and soil moisture,
for each soil type. Initially, each soil was assigned an AASHO (American As-
sociation of State and Highway Officials) Group Classification based upon key
physical properties. Each soil was then assigned a trial Portland cement con-
tent based upon its AASHO Group Classification and empirical data obtained
form the Portland Cement Association (PCA) soil-cement applications data
base. Soil-cement mixtures were subsequently formulated at the trial cement
content, and varying moisture contents, to establish moisture/density rela-
tionships. The moisture content which resulted in the greatest density after
compaction was considered to be the moisture level at which soil-cement per-
formance was optimized (Fig. 2).

After determination of the optimum soil moisture for each soil type was
completed, soil-cement mixtures were formulated at the optimum moisture
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Fig. 2. Soil-cement moisture/density relationships.

and varying cement contents (Table 2). The soil-cement mixtures were then
compacted into cylindrical specimens, and allowed to cure for seven days. Once
cured, replicate specimens were subjected to one of three evaluations designed
to assess the acceptability of the soil-cement mixtues. Freeze/thaw suscepti-
bility determinations (ASTM Method D560) consisted of 12 successive 48-
hour cycles in which specimens were alternately subjected to —23°C storage,
followed by ambient temperature thaw (23 hours each). After each thaw cycle
was completed, the specimens were abraded with a wire brush to remove any
loose particles and cumulative specimen weight loss was used to evaluate the
performance of each soil-cement formulation. The second evaluation, wet/dry
susceptibility (ASTM Method D559) consisted of 12 successive 48-hour cycles
of wetted conditions (specimen immersion for 5 h, followed by a 43 h drying
period). In a manner identical to that described for the freeze/thaw test, the
specimens were abraded after each cycle and performance was gauged relative
to cumulative specimen weight loss. The final evaluation, a 7-day unconfined
compressive strength test, provided a quantitative measure of the structural
integrity achieved with each formulation. Successful performance required a
compressive strength above a minimum acceptance value specified for each
soil type.



194

TABLE 2

Portland cement mix design

Measurement Soil identification
Minker site Piazza Road Sontag Road

Soil group classification A-4 A-2-4 A-4

Trial cement content for 10% 7% 10%

moisture/density

Tests

Freeze/thaw susceptibility specimen prepared specimen prepared specimen prepared
with 7%, 9%, with 6%, 8%, with 8%, 10%,
11%, and 13% 10%, and 12% 12%, and 14%
cement cement cement

Wet/dry susceptibility specimen prepared specimen prepared specimen prepared
with 7% and 11% with 6% and 10% with 8% and 12%
cement cement cement

Compressive strength specimen prepared specimen prepared specimen prepared
with 7%, 9%, with 6%, 8% and  with 10%, 12%
11%, and 13% 10% cement and 14% cement
cement

Resuits

Optimum moisture, (% water) 12.2 10.8 15.5

Maximum density, (Ib/ft?)* 116.2 121.7 105

Recommended cement content (by 7 8 10

wt.% )

*1 1b/ft*=16.0185 kg/m*.

Formulation of optimized soil-emulsified asphalt mixtures

The formulation procedure used for emulsified asphalt is similar to that de-
scribed for Portland cement, in that two components are optimized to give the
best soil-asphalt properties. The emulsified asphalt mix design procedure uti-
lized in this investigation entailed three basic steps. Initially, each soil was
assigned an empirical trial residual asphalt concentration based upon the
physical properties of each soil and existing data from emulsified asphalt con-
struction applications. Residual asphalt, defined as that portion of the emul-
sion which remains after the water carrier has evaporated and the mixture has
cured, was initially held constant. Soil-asphalt mixtures prepared at the trial
residual asphalt content, but with varying moisture contents, were formulated
to determine the water content which resulted in the best asphalt coating of
soil particles (Table 3). Emulsified asphalt consisting of micron-sized asphalt
particles suspended in an aqueous solution through the use of various types of
surfactants and emulsifiers is sensitive to soil moisture and requires a certain
soil moisture level to yield good coating. Selection of the optimum moisture
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Emulsified asphalt mix design
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Measurement Soil identification
Minker site Piazza Road Sontag Road
Emulsion type SS-1h SS-1h SS-1h
Percentage asphalt residue in 59.6 59.6 59.6
emulsion
Trial-residual asphalt content, (%) 7.0 8.5 9.0
Tests
Coating -
moisture content giving best mixtures prepared 8% to 12% 16% to 20% moisture
asphalt coating with 11% to 16% moisture
moisture
Compaction -
moisture content giving highest mixtures with 9% to 6% to 12% 15% to 20% moisture
density and/or Marshall stability 15% moisture moisture
compacted into
specimens
Residual asphalt -
specimen properties measured specimen prepared 7.5% and 8.5% 7%, 8%, 9%, and
at various asphalt percentages with 6%, 7%, 8%, 9%, residual asphalt 10% residual asphalt
and 10% residual
asphalt

Results

Coating

Compaction

Recommended residual asphalt
Content

15% moisture
14% moisture
9% asphalt residue

12% moisture
10% moisture
9% asphalt residue

20% moisture
18% moisture
9% asphalt residue

content was based upon visual observation of soil coating efficiencies at var-

ious moisture levels.

Soil-asphalt mixtures formulated at the trial residual asphalt content and

the optimal coating moisture were then compacted into solid specimens after
a certain percentage of the moisture had been allowed to evaporate away from
the mixture (a procedure referred to as dryback). The percent dryback, start-
ing with zero percent, was increased until compacted specimens reached a
maximum density or stability. Generally, the soil water content that gave the
best coating was too high to achieve optimum density upon compaction, and a
dryback of one or more percent was required.

In the final step of the formulation process, soil-asphalt mixtures at varying
residual asphalt concentrations and the optimum soil moisture content were
prepared, allowed to dryback to the appropriate moisture content, and com-
pacted into cylindrical specimens. The specimens were allowed to cure for one
day in the mold at ambient temperature, then removed from the mold and
allowed to cure for an additional day at 100°F ( ~38°C). Four replicate spec-
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imens were prepared at each residual asphalt content, with two evaluated dry
and two evaluated after exposure to water. The dry and soaked specimens were
tested for Marshall stability (a type of compressive strength measurement),
dry bulk density, and moisture content. Comparison of results from dry and
soaked specimens provided additional critical performance data, included
“soaked stability loss” and “absorbed moisture loss”.

Weathering of stabilized soil

After critical formulation parameters had been optimized for the Portland
cement and emulsified asphalt stabilization agents, triplicate specimens of
soil-cement and soil-asphalt were prepared for each of the three soils to eval-
uate performance relative to immobilization of the dioxin contaminant. Once
cured, all specimens were subjected to accelerated-rate, simulated environ-
mental weathering in the laboratory. Soil-stabilizer specimens were subjected
to twelve successive freeze/thaw cycles, followed by twelve successive wet/dry
cycles, to simulate natural seasonal weathering cycles. The freeze/thaw and
wet/dry environmental weathering simulation procedures were slight modifi-
cations of those used previously for Portland cement mix design work, in that
the specimens were not abraded with a wire brush between cycles. Although
the abrasion step was a critical aspect of the Portland cement mix design pro-
cedure, such rigorous abrasion was not considered to be a realistic simulation
of the abrasive forces likely encountered after field implementation. Omission
of active abrasion from the repetitive wet/dry and freeze/thaw weathering
simulation procedure was considered to be more representative of naturally
occurring environmental stresses.

Evaluation of weathered sotl-stabilizer specimens

Native soils and weathered soil-stabilizer specimens were subjected to an
aqueous leaching procedure designed to simulate that occurring naturally in
the environment via surface water and groundwater mechanisms (EPA Solid
Waste Leaching Procedure; SW-924). This protocol employed four sequential
leaching cycles of roughly 18 h duration each, with fresh leaching medium
(neutral deionized water) introduced at the initiation of each cycle. Aqueous
leachates generated from stabilized and unstabilized soils were analyzed for
dissolved dioxin levels to determine the effectiveness of stabilization tech-
niques at inhibiting dioxin mobility via solubilization mechanisms. Addition-
ally, particles which became dissociated from the parent specimen during
weathering and leaching processes were collected and analyzed for particle size
distribution. Comparison of the level of erodable particles (<53 um) gener-
ated from stabilized soils with those present in unstabilized soils was consid-
ered to be an extremely important indicator of stabilization effectiveness, as
water and airborne transport of contaminated soil particles represent signifi-
cant mechanisms for dioxin mobilization and concomitant human exposure.
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Results

Soil-cement formulations

The strength and durability of soil-cement formulations were assessed by
the amount of weight loss after freeze/thaw cycles and wet/dry cycles, and by
compressive strength. The results are summarized in Table 4.

In these assessments the acceptance criteria developed and utilized by in-
dustry research groups were adopted for use as minimum acceptance values
for key parameters such as durability, structural strength, and water sensitiv-
ity of compacted mixtures. These criteria were originally developed for appli-
cations in which the soil-cement or soil-asphalt mix would serve as a base or
sub-base in road construction, or for contruction of embankments and dams.
Although the stabilized Missouri soils will undoubtedly never be required to
function under such abrasive or stressful conditions, utilization of industry
acceptance criteria for the current application should provide a safety margin
which will help ensure that adequate longevity is obtained. Additionally, key
parameters which are the focus of construction industry performance evalua-
tions (durability, strength, and water sensitivity) are directly related to weath-
ering resistance, a significant concern in the soil stabilization application.
Equally important, Portland Cement Association and Asphalt Institute accep-

TABLE 4

Summary of soil-cement strength/durability results

Soil Cement Freeze/thaw Wet /dry weight Compressive Selected
collection content weight loss (%) loss (%) strength (psi)® optimum
site (wt. %) cement

Criterion Test Criterion Test Criterion Test content (%)
maximum mean maximum mean minimum mean

Minker 7 10 39 10 1.6 250 358
residence 9 10 38 10 NP 250 567 7
11 10 5.0 10 2.8 250 746
13 10 3.8 10 N 250 269
Piazza 6 14 6.4 14 84 285 249°¢
Road 8 14 52 14 N 285 358 8
10 14 149 14 3.0 285 388
12 14 4.4 14 N 285 N
Sontag 8 10 16.1° 10 4.1 190 N
Road 10 10 7.6 10 N 190 229 10
12 10 5.5 10 3.4 190 298
14 10 49 10 N 190 388
21 psi~ 0.07 bar.

bSamples not prepared based on the formula optimization outline.
°Did not meet criterion.
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tance criteria are based upon a great deal of data derived from experience gained
through field implementation. Comparable formulation data specific to the
current application are virtually non-existent, and development of such data
would require collection of field data for years. Consequently, it was clearly
advantageous to utilize the well-developed existing acceptance criteria for
evaluation of soil-stabilizer performance.

Soil-emulsified asphalt formulations
The strength and durability of soil-emulsified asphalt formulations was as-
sessed by soaked Marshall stability (500 pounds minimum acceptable), sta-
~bility Toss of a soaked specimen compared to an unsoaked specimen (50%
maximum acceptable), and absorbed moisture (4% maximum acceptable).
The use of emulsified asphalt alone was not an effective technique for sta-
bilization of the soils used in this testing. The search for an effective modifi-
cation included consultation with Asphalt Institute engineers and a review of
existing literature, with the conclusion that pretreatment of the soil with lime
would improve the emulsified asphalt performance substantially. Lime pre-
treatment of soil reduces the swell characteristics and the effective surface
area, as well as providing an increase in strength due to pozzolanic reactions.
The lime pretreatment selected for this study consisted of adding 1.5% of lime
by weight to the soil with mixing water. This was followed by homogenization
of the mixutre for one minute prior to the addition of the asphalt emulsion.
The results are shown in Table 5 for formulations without lime modification
and with lime modification. Unacceptable values are indicated with an asterisk.

Soil-stabilizer weathering and dioxin containment

Two potentially significant mechanisms for environmental transport of
dioxin associated with contaminated soils are aqueous solubilization and ero-
sion of contaminated particulates. Consequently, comparison of dioxin leach-
ability and the level of easily erodable contaminated particles (i.e., small
particles susceptible to entrainment and transport by natural erosive forces)
before and after stabilization was utilized as the basis for evaluating the effec-
tiveness of soil stabilization techniques.

Prior to experimental determination of dioxin leachability, stabilized soil
specimens formulated at optimized conditions were subjected to an acceler-
ated-rate, simulated weathering process. The weathering simulation, utilized
to evaluate the influence of environmental exposure on soil-stabilizer per-
formance and durability, frequently resulted in deterioration of the structural
integrity of soil-stabilizer specimens in a fashion consistent with that due to
natural aging. Degradation in structural integrity typically resulted in disso-
ciation of material from the parent soil-stabilizer specimen during the weath-
ering simulation. Determination of the size and amount of dissociated material
provided a means for direct comparison of specimen durability, as well as a
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mechanism for evaluating stabilizer effectiveness. The mass of dissociated par-
ticulate material in the size interval readily amenable to erosion (<53 um)
was compared with that in the unstabilized soil to evaluate the effectiveness
of soil stabilization relative to this important transport mechanism. Addition-
ally, because mass—volume ratios typically influence partitioning phenomena
significantly, separate leachability studies were conducted with the dissociated
particulate material to evaluate effects of this relationship.

The weathering simulation, which entailed twelve repetitive freeze/thaw
cycles followed by twelve repetitive wet/dry cycles, resulted in significant deg-
radation of soil-cement specimens as measured by the mass of material dis-
sociated from parent soil-cement specimens. Although the extent of specimen
degradation was variable among replicates for a given soil type, it was a con-
sistent effect, as degradation occurred in all soil-cement specimens.
Soil-cement degradation observed for each soil, or the cumulative mass of
soil-cement material dissociated from the parent specimen over the course of
the two-month simulated weathering period, can be summarized as follows:

Site Soil-cement specimen loss (% by weight)

Minker Residence 4.4% 15.9% 16.7% {(mean=12.3%)
Piazza Road 12.7% 10.9% 11.4% (mean=11.7%)
Sontag Road 23.3% 23.5% 14.4% (mean=20.4%)

Examination of these data reveals that specimen loss was roughly equivalent
for the Minker and Piazza Road soils, but was substantially higher for the
Sontag Road soil-cement. These data are consistent with those obtained pre-
viously, in that both physical characterization data and soil-stabilizer formu-
lation data indicated that the Sontag Road soil was least suitable for cement
or asphalt stabilization. It should also be noted that the Sontag Road specimen
began deteriorating very early in the weathering process (after approximately
5-7 freeze/thaw cycles ), whereas deterioration in the Minker and Piazza Road
specimen was not visible until the final 4-6 cycles of the wet/dry susceptibility
test. Although the issue of soil-stabilizer durability, and the relationship be-
tween dioxin containment and strength/durability will be discussed subse-
quently, it should be noted that very little dissociation of soil-stabilizer material
was observed to occur in any of the soil-asphalt specimens.

Weathered soil-stabilizer specimens, dissociated particulate material and
native soil samples were subjected to an aqueous leaching procedure designed
to simulate that occurring naturally via surface water infiltration/run-off and
groundwater migration. Leachability data (i.e., mobilization of dioxin from the
soil particles to the aqueous leachate phase) obtained from unstabilized, native
soils provided the frame of reference for evaluating the effectiveness of soil
stabilization via comparison with comparable data from soil-stabilizer
specimens.
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Leachability data obtained for each of the unstabilized, native soils reveal
that very little dioxin was leached from any of the Missouri soils. Data inter-
pretation was complicated by the fact that dioxin levels were routinely at or
below the analytical limit of detection (LOD).

Dioxin leachate levels observed for the Missouri soils (1-2 ppt) were con-
sistent with those predicted from solubility considerations. TCDD, an ex-
tremely hydrophobic molecule, is highly insoluble in aqueous systems, and will
partition preferentially toward virtually any other medium.

Several experiments were conducted with the Minker soil at varying leach-
ate ratios to resolve the question of whether dioxin was at saturation levels in
the leachate, or whether the leachate concentration was driven by this rela-
tionship. In the initial experiment, unstabilized soil was leached at a 1: 1.5 solid
to liquid ratio, consistent with that used for the soil-cement specimen.

Results obtained from this leachability experiment, designed to determine
if the leachate systems were being driven by dioxin solubility limitations
(whereby leached dioxin levels should remain unchanged) or by the
solid: leachate ratio (whereby with greater soil mass the leachate dioxin level
should increase substantially) showed that dioxin levels in the leachates were
again statistically identical to previous data (2-3 ppt), providing strong evi-
dence that the leachate system was solubility limited. Unfortunately, these
data also confirmed the fact that all existing soil-cement stabilization data
must be considered inconclusive. The apparent solubility limitation rendered
all conclusions ambiguous, thereby precluding either conclusion (i.e., it could
not be concluded that cement stabilization was either effective or ineffective
in reducing dioxin leachability).

Soil masses of 0.1 g for unstabilized Minker soil, and 1.0 g for Minker
soil-cement, were selected for use in a final attempt to evaluate the effective-
ness of Portland cement for immobilizing the dioxin contaminant. Results ob-
tained from these two leachability studies were inconclusive, as dioxin was not
detected in any of the resultant leachates from either stabilized or unstabilized
soil matrices. Consequently, no definitive conclusions could be drawn from the
leachability experimentation. As will be discussed subsequently, however, soil
stabilization with Portland cement did effectively retard the potential for en-
vironmental migration of dioxin-contaminated soil particles via water and air-
borne erosion.

Although inconclusive data were obtained for the Piazza Road and Sontag
Road soils, leachability data obtained for the Minker site provide solid evi-
dence that soil stabilization with emulsified asphalt was, in fact, effective in
reducing the environmental mobility of dioxin via aqueous solubilization. Ex-
amination of leachability data for the Minker soil reveals that dioxin was de-
tected in two of three replicates for the native soil, but was not detected in any
of the replicates for either the compacted or uncompacted soil-asphalt
materials.
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Leachability results obtained for native and asphalt stabilized Minker soils
showed that the mean leachate level obtained for the compacted soil-asphalt
specimen was statistically lower than that obtained for the unstabilized soils
at the 95% significance level. Consequently, these data definitively demon-
strate that use of compacted emulsified asphalt for stabilization of the Minker
soil effectively reduced the aqueous leachability of the dioxin contaminants.

While comparable effectiveness could not be defended statistically for the
uncompacted soil-asphalt material, leachability results obtained for these
samples, as well as those obtained for soil-asphalt specimen from Piazza Road
and Sontag Road soils, clearly suggest that emulsified asphalt is an effective
technique for immobilizing the dioxin contaminant. Although the experimen-
tal and analytical problems/limitations discussed previously preclude deriva-
tion of definitive conclusions, the absence of the dioxin at detectable levels in
virtually all soil-asphalt leachates implies that soil stabilization effectively re-
duced solubilization of the dioxin contaminant.

Erodable soil particulates as an indication of soil-stabilizer performance

As discussed previously, stabilization of dioxin-contaminated soils was con-
sidered to have promise relative to reduction in the level of erodable soil par-
ticulates, defined for the purpose of this investigation as material <53 um
which is readily entrained and transported by surface water run-off or wind,
was an evaluation parameter utilized to assess the effectiveness of soil stabi-
lization. Measurements of the level of erodable particulates were performed
after the soil-stabilizer specimen had been subjected to the simulated weath-
ering process. The rationale for considering erosion an important factor was
that a significant amount of dioxin would be bound to small soil particles (silt-
and clay-sized aggregates), and that environmental transport of such partic-
ulates represented a greatly enhanced potential for human exposure. To verify
the validity of this rationale, an aliquot of the native Minker soil was frac-
tioned, and fractions of appropriate size intervals were analyzed for dioxin to
establish the relationship between particle size and dioxin contaminant load-
ing. In addition, representative samples of the size interval of greatest interest
(i.e., the easily erodable <53 um interval ) were analyzed for each of the native
soils.

The profile obtained for the Minker soil, selected as a representative exam-
ple of the three soils investigated, revealed that a significant amount of the
dioxin contaminant is, in fact, associated with the <53 um size interval, as
postulated. Soil particles <53 um yielded a mean dioxin loading of 877 ng/g,
as compared with a value of 702 ng/g obtained for the “whole” soil (i.e., all soil
material <4.76 mm). This value translates to a contribution equivalent to 69%
of the total mass of dioxin present in the “whole” soil. The validity of this
hypothesis is further supported by results obtained from dioxin analyses of
silt- and clay-sized particles for the Sontag Road and Piazza Road soils. These
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two soils also exhibited dioxin contaminant concentration levels for the <53
um size interval which were greater than those for the corresponding “whole”
soils (i.e., the 0-4.76 mm fraction), indicating that greater than 50% of the
total amount of dioxin was associated with the easily erodable soil particles.

Based upon formulation of soil-cement spécimens at the laboratory-derived
mix design values, specimen deterioration and loss of soil-cement material
occurred with all three soils. Soil-cement specimen loss ranged from approxi-
mately 12% (Minker and Piazza Road) to 20% (Sontag Road), with particu-
late material in the sand-, silt- and clay-size intervals (i.e., <2.0 mm)
accounting for roughly 50% of the total mass of dissociated material for all
three soils. The levels of easily erodable particulate material (<53 ym) dis-
sociated from the monolithic specimen over the course of the weathering sim-
ulation were significant, and can be summarized as follows:

Collection site Mass of <53 um material Percentage dissociated
dissociated (g)

Minker Residence 21.1 1.2
Piazza Road 10.8 0.6
Sontag Road 35.3 2.2

As was observed in the dioxin leachability investigations, soil stabilization
with emulsified asphalt was also very effective in reducing the level of easily
erodable contaminated particulates. After extensive weathering of the
soil-asphalt specimen, very little deterioration of the matrix was observed for
any of the soils evaluated. The amount of soil-asphalt material dissociated
from the parent specimen over the course of the simulated weathering process
was negligible ( <0.1%) for both the Minker and Sontag Road specimen, and
only 3.3% was lost from the Piazza Road soil-asphalt specimen. The deterio-
ration profile obtained for the Piazza Road soil-asphalt specimen showed that
less than 6% of the dissociated material was in the <53 um size interval, which
translates to only 0.2% of the intial specimen. These data indicate that emul-
sified asphalt was essentially 100% effective in reducing the level of easily erod-
able soil particles for the Minker and Sontag Road soils, and resulted in a 98%
reduction in the level of contaminated material in this size interval for the
Piazza Road soil.

Cost estimates

Rough cost estimates which included the cost for stabilizer materials, equip-
ment, and labor/supervision; but excluding costs associated with safety and
health equipment gave the following results. For soil-cement formulations
having cement contents in the range of 7% to 10%, the cost per cubic yard is
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$11 to $13. For a 9% soil-asphalt formulation with 1.5% lime modification, the
cost per cubic yard is $47.

Conclusions and recommendations

Although several inherent experimental and/or analytical limitations often
complicated data interpretation and did not support statistically defensible
conclusions in all instances, data obtained in this investigation do validate a
number of conclusions. The most significant findings and conclusions can be
summarized as follows:

- Optimized mixtures of soil and Portland cement produced soil--cement spec-

imens of acceptable strength and durability based upon construction indus-
try derived performance criteria for all three soils evaluated.
Mixtures of soil and emulsified asphalt could not be formulated with any of
the three soils which met acceptance criteria for all three soils.
Soil-cement specimens subjected to simulated enrironmental weathering
processes appeared to deteriorate significantly, in that cumulative loss of
specimen mass ranged from 12-20%. However, existing laboratory data and
evidence from field applications which have been in place for over 30 years,
indicate that an additional increase in Portland cement content of 2% will
yield soil-cement specimens of more than adequate strength and durability.
Soil-emulsified asphalt specimens appeared to be quite resistant to environ-
mental stress and weathering, as only negligible deterioration of the
soil-asphalt matrix was observed over the course of the weathering
simulation.
Inconclusive data were frequently obtained relative to the effectiveness of
soil stabilization techniques in reducing the leachability of the dioxin con-
taminant. Interpretation of leachability data was often complicated by the
extremely limited aqueous solubility of dioxin, which restricted maximum
leachate levels to a concentration only slightly above the detection limit for
dioxin. Consequently, it was extremely difficult to identify and document
differences between dioxin contaminant levels generated from stabilized and
unstabilized soils. As such, stabilization of contaminated soils with Portland
cement could not be determined to be either effective, or ineffective, toward
immobilizing the dioxin contaminant via aqueous solubilization
meachanisms,
Although comparable problems existed with the design, conduct and inter-
pretation of emulsified asphalt leachability experimentation, data obtained
from these investigations definitively demonstrated the technique to be ef-
fective on the Minker soil. Further, 11 of 12 leachates from asphalt stabi-
lized soils yielded undetectable dioxin contaminant levels, providing
additional evidence that this approach was effective in reducing dioxin
leachability for all three soil types.
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Soil stabilization with Portland cement and emulsified asphalt proved to be
effective in reducing the level of easily erodable contaminated soil particles.
Erodable particulate material (a second potentially significant human ex-
posure mechanism), measured after completion of the weathering process
was substantially reduced with Portland cement stabilization, and was vir-
tually eliminated with emulsified asphalt stabilization. Additionally, avail-
able data suggests that uncompacted emulsified asphalt could be used as an
effective pretreatment technique for containment of the dioxin contami-
nant when removal, extensive handling and/or off-site transportation if
required.

Based upon the data obtained from this investigation, recommendations for

further investigation include:

- Continued investigation of Portland cement as an in situ soil stabilization
technique to obtain conclusive evidence of its effectiveness relative to im-
mobilization of the dioxin contaminant via solubilization mechanisms. Based
upon data obtained in this investigation, an effective experimental design
would include: formulation at cement contents 2% greater than those used
in this investigation to assess the impact of this approach on both environ-
mental strength/durability and dioxin leachability; and the use of a larger
bench-scale leachability system in an attempt to overcome the dioxin solu-
bility /detection limit complication.

- Continued investigation of soil stabilization with emulsified asphalt and lime-
modified soils, in both expanded-scale laboratory studies and pilot-scale field
evaluations, to further document the effectiveness of this technique, and to
evaluate the feasibility of in situ stabilization on a more realistic scale.

- Experimental evaluation of the effectiveness of a combined soil stabilization
approach using Portland cement with an asphalt coating on the soil-cement
surfaces. This approach would be particularly attractive, in that it combines
the strengths of both stabilization techniques, while maximizing cost-effec-
tiveness through exploitation of the relatively inexpensive Portland cement
base.

Acknowledgement

The authors wish to acknowledge Hinton K. Howard of the U.S. Environ-
mental Protection Agency’s Land Pollution Control Division, for his assist-
ance in the preparation and review of this manuscript.

References

1 U.S. Environmental Protection Agency. Dioxin Strategy, Washington, DC, November 28,
1983.



206

10

11

12

13

14

15

16

17

18

P.E. des Rosiers, Methods for decontamination, detoxification or containment of toxic was-
tes/soils contaminated by PCBs, dioxins, and furans, Environmental Contamination, Int.
Conf. sponsored by the U.N. Environmental Programme, Imperial College, London, J.K.,
1984, pp. 181-191.

J.J. Ford, A.S. Hirwe and J.P. Frawley, The influence of toluene on the leachability of TCDD
from soil, Hercules, Incorporated, Wilmington, DE, August 19, 1983.

Memorandum of May 25, 1983 from J.D. Wilson, State of Misscuri Department of Natural
Resources, Jefferson City, Missouri, to G. Roush, M.D., subject: Times Beach Soil core
Analyses.

A. Moreale and R. van Bladel, Adsorption and migration of lindane (1,2,3,4,5,6-hexachlo-
rocyclohexane) in soil, Parasitica, 34(4) (1978) 233-255.

N. Senesi, C. Testimi and D. Mette, Binding of chlorophenoxy alkanoic herbicides from
aqueous solution by soil humic acid, Environmental Contamination, Int. Conf. sponsored by
the U.N. Environmental Programme, Imperial College, London, U.K., 1984, pp. 96-101.
D.R. Jackson, H.M. Grotta, S.W. Rust, J. Scott Warner, M.F. Arthur and F.L. DeRoos,
Leaching potential of 2,3,7,8-TCDD in contaminated soils, Proc. EPA HWERL 11th Ann.
Research Symp., Cincinnati, OH, April 29-May 1, 1985. EPA 600/9-85/013, 1985, pp. 153-168.
D.R. Jackson, M.H. Roulier, H.M. Grotta, S.W. Rust and J.S. Warner, Solubility of 2,3,7,8-
TCDD in contaminated soils, in: Symposium on Chlorinated Dioxins and Dibenzofurans in
the Total Environment, III, C. Rappe, G. Choudharyi and L.H. Keith (Eds.), proc. ACS Div.
Environ. Chem. at the 198th National Meeting, Miami Beach, FL, April 28-May 3, 1985.
Internal draft EPA report entitled: Feasibility of utilizing mined space in Missouri for long-
term placement of dioxin-contaminated soils. Report prepared by PEI Associates, Inc., Cin-
cinnati, Ohio, EPA Contract No. 68-02-3963, Work Assignment No. 9, May 9, 1985.

J.J. Yezzi, J.E. Brugger, 1. Wilder, F. Freestone, R.A. Miller, C. Pfrommer, Jr. and R. Lovell,
Results of the initial trial burn of the EPA-ORD Mobile Incineration System, Proc. 1984
National Waste Process. Conf., Engineering: The Solution. ASME, New York, NY, pp.
514-534, 1984.

Dioxin Trial Burn Data Package: EPA Mobile Incineration System at the James Denney
Farm site, McDowell, Missouri, prepared by I'T Corporation for EPA HWERL-Cincinnati,
EPA Contract No. 68-03-3069, June 21, 1985.

J.A. Bumpus, M. Tien, D.A. Wright and S.D. Aust, Biodegradation of environmental pollu-
tants by the white rot fungus Phanerochaete chrysosporium, presented at EPA HWERL 11th
Ann. Res. Symp., Cincinnati, OH, April 29-May 1, 1985.

J.A. Bumpus, M. Tien, D. Wright and S.D. Aust, Oxidation of persistent environmental
pollutants by a white rot fungus, Science, 228 (1985) 1434-1436.

D.C. Eaton, Mineralization of polychlorinated byphenyls by Phanerochaete chrysosporium:
a ligninolytic fungus, Enzyme Microb. Technol., 7 (1985) 194-196.

R.L. Peterson, E. Milicic and C.J. Rogers, Chemical destruction/detoxification of chlori-
nated dioxins in contaminated soils, paper presented at the EPA HWERL 11th Ann. Res.
Symp., Cincinnati, OH, April 29-May 1, 1985.

H. Dev, J.E. Bridges and G.C. Sresty, Decontamination of hazardous waste substances from
spills and uncontrolled waste sites by ratio frequency in situ heating, 1984 Hazardous Mat.
Spills Conf. Proc., Nashville, TN, April 9-12, 1984.

R. Peterson and E. Milicic, Chemical destruction/detoxification of chlorinated dioxins in
contaminated soils, Summary Report prepared for EPA HWERL, Cincinnati, Ohio, and
USAF Engineering and Services Laboratory, EPA Contract No. 68-13-3219, June 26, 1985.
J.B. White, K.E. Leese and A.C. Clayton, Interim report on the feasibility of using U.V.
photolysis and APEG reagent for treatment of dioxin contaminated soils; Final Report sub-
mitted to EPA HWERL, Cincinnati, Ohio, by Research Triangle Institute, EPA Contract
No. 68-03-3149, June, 1985.



