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Abstract

A mixture of arsenic contaminated soil and reactive powder concrete (RPC) was developed to study the ef-
fect of arsenic contaminated soil on RPC mortar and the effectiveness of the mortar in containing the con-
taminant. The sufficient containment of arsenic contaminated waste products is important to protection of
ground and surface water sources. A three phase experiment was designed to study the permeability, absorp-
tion coefficients, and Toxicity Characteristic Leaching Procedure (TCLP) leachate concentrations resulting
from the application of a range of arsenic concentrations. The results showed that the permeability values for
mixes containing different arsenic concentrations did not increase noticeably with adequate curing time. The
percentage of absorption slightly increased with increasing arsenic content as did the TCLP leachate concen-
trations. Statistical analyses, Analysis of Variance (ANOVA) and Paired T-test, were performed to analyze
percent absorption, and TCLP results. Based on the results it was concluded that percent absorption de-
creased significantly with increase in curing time. Although, the TCLP concentrations increased with in-
creased curing time, the increase was not statistically significant.
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1. Introduction

Studies have shown that stabilization/solidification tech-
nology processes for treatment of contaminated soils/
residues has been successful in stabilizing a wide variety
of materials including metals, volatiles, waste oils and
solvents creating a hard, soil-like material binding free
liquids and chemicals [1-3]. Stabilization/solidification
technologies are economical and can include in-situ and
ex-situ treatment methods [4,5].

According to Silveira et al., “Cement-based solidifica-
tion/stabilization is a process in which inorganic reagents
react with waste components and/or themselves to form
chemically stable solids which are capable of developing
mechanical resistance” [6]. Treatment processes using
Portland cement, a major inorganic reagent, have been
successful in immobilizing constituents of environmental
concern [7,8]. Portland cement produces a hardened
paste upon addition of water. This paste binds together
aggregates and other substances to form concrete and
stabilize wastes [9,10] This technology is currently being
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used to treat a wide variety of wastes and showed to be
effective in reducing the mobility of arsenic wastes
[11,12].

This research project tested the use of Reactive Pow-
der Concrete (RPC), an ultra high-strength and low po-
rosity composite material with advanced mechanical and
superior physical properties [13,14] for encapsulating
arsenic contaminated soil.

The main objective was to study water permeability
and absorption of RPC during the storage of inorganic
material, arsenic, by application of a solidification/stabi-
lization technique. Arsenic contaminated soil was en-
capsulated in RPC to determine the maximum concentra-
tion of arsenic in soil, which allowed formation of ac-
ceptable permeability, and leachate concentration less
than 10 parts per billion (ppb) when encapsulated in RPC
mortar.

This study tested the hypothesis that RPC would pro-
vide a better performing containment and disposal solu-
tion for solidifying arsenic contaminated soils as com-
pared to solidification with cement mortar.
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2. Study of Arsenic-Contaminated Soils

Arsenic is a naturally occurring toxic element in the
earth’s crust, which forms inorganic arsenic when com-
bined with oxygen, chlorine and sulfur. Additionally,
arsenic combined with carbon and hydrogen forms or-
ganic arsenic. The inorganic forms of arsenic are much
more toxic than organic forms. The principal valence
states of arsenic are +3, +5, and —3. [15] Arsenical pesti-
cides, natural geothermal sources and mine tailings in-
crease arsenic concentrations in soils. The adsorption of
arsenicals in soil depends on soil pH, texture, Fe, Al, and
organic matter. The amount of arsenic adsorbed on soil
increases as clay, Fe, and Al content increases. Toxic
amounts of arsenic, greater than 10 parts per million
(ppm) in soils will limit the germination of seeds and
reduce the viability of seedlings. Organic arsenic is used
in catalysts, glass manufacturing, alloys, electronics and
weed Killer. Inorganic forms of arsenic are also used in
pesticides to Kill insects or rodents, to preserve wood,
and as a component of medicines for asthma and psoria-
sis. Arsenic levels in municipal sewage are variable from
1 - 18 ppm [16]. An upper limit of 0.2 ppm is recom-
mended for as in livestock drinking water and an upper
limit of 0.01 ppm for water intended for human con-
sumption. In soils, the total as concentration normally
ranges from1 - 40 ppm. [17]

Arsenic contamination resulting from natural or xeno-
biotic sources in ground and surface waters is a major
health concern for water designated for agricultural or
human consumption uses. A great deal of time and money
is being expended to conduct research and development
of processes for removal of arsenic from such waters to
concentrations as low as 5 ppb.

This study represents the first evaluation of the solidi-
fication/stabilization technique using RPC and its capa-
bility in containing arsenic. This research determined the
maximum concentration of arsenic in soil that resulted in
the lowest water permeability, and a leachate concentra-
tion less than the current drinking water standard. This
study provides operational boundaries for the initiation
of a more detailed study of arsenic encapsulation in
structural concrete.

A sludge having arsenic concentration of 2000 ppm
when treated by incineration or landfill process was re-
ported to lead to volatilization, ecosystem cycling, ground
water and air contamination [18,19]. Therefore, applica-
tion of a solidification/stabilization process using RPC as
an additive to effectively encapsulate contaminated ma-
terial and to produce a stabilized engineered product,
which contains toxic products in a less soluble state,
would be an important advancement.

Copyright © 2011 SciRes.

3. Materials

The cement used was Type I/ll supplied by Dacotah
Cement, South Dakota. The fine aggregate used for all
the mixes (limestone dust and natural sand) were ob-
tained form Hill City Materials, Rapid City, South Da-
kota. Commercially prepared topsoil was purchased for
this study. Tap water from the Rapid City Municipal
water supply system was used for the mixing. The ad-
mixtures such as Rheomac SF 100 dry, a densified silica
fume, and Glenium 3000 NS, a high range water reducer
(HRWR), were both supplied by Master Builders Inc,
Cleveland Ohio. The contaminant encapsulated in topsoil
was sodium arsenate (Na,HAsO,-7H,0).

3.1. Tests on Topsoil Absorption Coefficient

Before using the topsoil for mixing, the adsorption coef-
ficient of the topsoil was determined using the standard
procedures given by ASTM C128 [20]. The absorption
of topsoil was 58.43%. The absorption % of soil was
subtracted from the moisture content to calculate the
actual proportion of soil to be used for mixing mortar on
wet basis.

3.2. Organic Matter and Carbon Content

The soil samples were sent to Soil Testing Laboratory,
South Dakota State University for determination of or-
ganic matter and carbon content. The results are shown
in Table 1.

3.3. Experimental Design

The statistical software package, Minitab, was used to
determine a hierarchical design resulting in a series of
nine RPC mortar mixes which were tested and the mix
having Water-Cement ratio (W/C) of 0.275, lime-
stone/cement of 0.3, silica fume/cement of 0.39 was cho-
sen due to its lowest permeability and highest strength.
This mix was then evaluated by holding the amount of
cement, limestone, silica fume and W/C constant while
soil was substituted at 10, 15, 20, 30, 40, 50 and 100% of

Table 1. Organic matter and organic carbon content for soil
samples.

Sample ID Organic matter (%) Organic carbon (%)
Sample 1 14.1 8.18
Sample 2 221 12.82
Sample 3 234 13.57
Average 19.9 11.52

JWARP



S.ANDE ET AL. 337

sand and again evaluated for permeability and strength
resulting in the choice of 20% soil. Finally, the chosen
RPC mortar mix was evaluated with the 20% soil com-
ponent dosed with arsenic concentrations of 100, 1000,
2000, and 3000 mg/kg.

3.4. Specimens

Specimens of 50.8 mm x 50.8 mm x 50.8 mm were
made following the ASTM C 305-94 standard [21]. The
cubes were tested for compressive strength in accordance
with the Standard test method for compressive strength
of mortars given by ASTM C 109-93 [22]. Additionally,
cylinders with a diameter of 101.6 mm and length
203.2 mm were cast. The cylinders were cut in 50.8 mm
slices and a Rapid Chloride Permeability Test (RCPT)
was completed in accordance with ASTM C 1202 along
with an absorption test in accordance with ASTM C 497.
The Toxicity Characteristic Leaching Procedure (TCLP)
test samples were prepared following the EPA Method
1311 [23].

4. Results and Discussion

4.1. TCLP Results on the Raw Materials

The TCLP test results performed on cement, limestone
dust, fine sand, uncontaminated soil and silica fume in-
dicated that no arsenic was present in these materials.
Therefore, the results of the TCLP test performed for the
last phase are representative of the arsenic which leached
from the contaminated soil used in the mix preparation.

4.2. Permeability and Absorption Results for
Varying Soil Mixes

The 56 and 90 day permeability for varying soil mixes
are shown in the Table 2. It was observed that the per-
meability increased with the increase in the soil content.

Figure 1 shows that the percent absorption increased
with the increase in soil content in the mixes and re-
mained approximately constant at 7, 28 and 45 day cur-

ing.

4.3. Permeability, Absorption, and TCLP
Results for Arsenic Contaminated Mixes

RPC mixtures were made containing 20% soil dosed
with arsenic of 100, 1000, 2000, and 3000 mg/kg of soil,
respectively.

The permeability test results conducted on the arsenic
contaminated samples at 56 and 90 days are shown in
Table 3. The results showed that the permeability values
for mixes containing different concentrations of arsenic
did not show considerable increase after 56 and 90 day
curing.
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Figure 1. Absorption percentage as affected by soil content.

Table 2. Permeability of mixes with varying soil proportions.

Mix Soil Content Age Permeability Remarks Age Permeability Remarks
ID % (Days) (Coulombs) ASTM C 1202 Classified  (Days) (Coulombs) ASTM C 1202 Classified
M1S1 10 56 122 Very Low 90 52 Negligible
M1S2 15 56 138 Very Low 90 77 Negligible
M1S3 20 56 175 Very Low 90 90 Negligible
M1S4 30 56 199 Very Low 90 100 Negligible
M1S5 40 56 251 Very Low 90 110 Very Low
M1S6 50 56 358 Very Low 90 173 Very Low
M1S7 100 56 946 Very Low 90 401 Very Low

Copyright © 2011 SciRes.
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The percent absorption is shown in Figure 2. It was
observed that the percent absorption for mixes containing
arsenic was high compared to the percent absorption of
M1S3 mix, which contained uncontaminated organic soil.
The increase could be due to inadequate hydration of
cement at early stages due to the water added during
mixing being absorbed by arsenic, which was encapsu-
lated in the mortar. It was also observed that the percent
absorption appeared to decrease with curing time, which
shows that the pores are filled in the due course of time.

The 7, 28 and 56 day TCLP results in Figure 3
showed that the arsenic concentrations leaching out from
mortar specimens increased with the increase in the ini-
tial concentrations.

The leachate concentration for the mix M1S3.A4 was
very high at 7 day curing, which could be due to an ex-
perimental error. From the results, it can be observed that
with increased curing time the TCLP concentrations ap-

peared to increase slightly. The increase in leachate con-
centrations decreased with an increase in curing time i.e.,
the percent increase for the 100 and 1000 mixes from 7
to 28 and 28 and 56 curing days decreased from 128% to
23% and from 69% to 23% respectively. There was an
insignificant increase in TCLP concentration for the
2000 mix from 7 to 28 days curing but appeared to in-
crease by 28% after 56 days curing.

The TCLP leaching concentrations for all the mixes
were below the EPA drinking water limit of 10 ppb,
which showed that the arsenic concentrations of 100,
1000, 2000, and 3000 mg/kg of soil may be permissible
concentrations for encapsulating in concrete.

5. Statistical Analysis

Linear regression analysis was performed on all of the
data in order to determine the statistical significance of

Table 3. Permeability results for the mixes M1S3.A1-M1S3.A4 containing arsenic.

Mix Age Permeability Remarks Age Permeability Remarks
1D (Days) (Coulombs) ASTM C 1202 Classified  (Days) (Coulombs)  ASTM C 1202 Classified
100 56 168 Very Low 90 83 Negligible
1000 56 180 Very Low 90 94 Negligible
2000 56 186 Very Low 90 99 Negligible
3000 56 196 Very Low 90 102 Very Low
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Figure 2. Absorption percentage as affected by arsenic con-
tent.
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Figure 3. TCLP as affected by arsenic content.
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experimental results that were obtained for each mix
with respect to curing period. One-way analysis of vari-
ance (ANOVA) using statistical software was performed
for each mixture. Resultant p values were considered
significant if they indicated that the hypothesis-that the
means were equivalent-could be rejected at a level lower
than 0.05.

The experimental percent absorption values for all of
the mixes obtained at 7, 28 and 45 days appeared to de-
crease with increased curing time. From the p values
obtained from ANOVA, it was concluded there was sta-
tistical evidence to support the conclusion that percent
absorption for all of the mixes decreased from 7 days to
45 days.

The experiments showed that the TCLP leachate con-
centrations for all four of the mixes appeared to increase
from 7 to 56 day curing. The experimental results
showed that the TCLP leachate concentrations of the
3000 mix were high at 7 days curing, which could be due
to an experimental error. Therefore, the statistical analy-
ses were performed on TCLP concentrations between 28
and 56 days. The p values from one-way ANOVA for the
all the mixes were greater than 0.05 at the 95% confi-
dence level, which indicated that the increase in TCLP
concentrations was statistically insignificant with curing
time.

6. Conclusions

Based on the results of this study, the following conclu-
sions can be made:

The permeability test for third phase mixes with 20%
soil and varying arsenic concentrations, 100, 1000, 2000
and 3000 mg/kg of soil, conducted at the ages of 56 and
90 days showed that there was a slight increase in the
permeability with the increase in the arsenic concentra-
tion. At 56 day age the permeability was “Very Low”
and was “Negligible” at the age of 90 days.

The absorption slightly increased for the mixes con-
taining arsenic, which could be due to the arsenic ab-
sorbing the water. No significant changes were observed
in the permeability of the arsenic contaminated mixes.
All the mixes were considered to have “Very Low” per-
meability at 56 days and “Negligible” at 90 days except
for the mix containing 3000 mg/kg of arsenic concentra-
tion, which had “Very Low” permeability even at 90
days.

The TCLP results indicated that the leaching concen-
trations increased for all the mixes with increased curing
time but were below the proposed EPA drinking water
limit of 10 ppb, which showed that arsenic encapsulated
concrete can be a disposal solution.

Copyright © 2011 SciRes.
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