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A systematic treatability study was conducted for the treatment of drill cuttings, a waste generated during
petroleum exploration and production, by stabilization/solidification with Portland cement (CEM I), with
the addition of high carbon power plant fly ash (HCFA), an industrial by-product, as a novel sorbent for
organic contaminants. A factorial design experiment was adopted to investigate the effects of waste-to-
binder ratio, binder formulation, and curing time on response variables including unconfined compressive
strength (UCS), hydraulic conductivity, porosity, leachate pH, and acid neutralization capacity (ANC) of
the s/s products. Results show that all factors had significant effects on the properties of the s/s products.
etroleum drill cuttings
tabilization/solidification (S/S)
ement
ly ash
actorial design
aste utilization

Drill cuttings and HCFA addition both reduced UCS, but HCFA improved hydraulic conductivity, relative
to CEM I only s/s products. Drill cuttings addition had little effect on the ANC of products prepared with
CEM I only, and improved that of products containing HCFA. Management options assessment based on
performance criteria adapted from regulatory and other guidance suggests that the s/s products could
find application as controlled low-strength materials, landfill liner, and landfill daily cover. This work
demonstrates how a systematic treatability study can be used to develop a s/s operating window for the

lar w
management of a particu

. Introduction

.1. Drilling fluids and cuttings

Drilling fluids (or drilling muds) are used as lubricants and
oolants during the drilling of crude oil. They also help maintain
ydrostatic pressure, stabilize the well bore, and lift out cuttings

rom drilled wells to the surface [1,2]. They are classified as water-
ased, oil-based or synthetic, depending on the continuous phase

iquid, which may be water, diesel/mineral oil, or non-aqueous flu-
ds such as olefins, esters, and linear paraffin, respectively [1,3,4].
rilling fluids are further composed of weighting materials such as
arite and haematite, viscosifiers such as bentonite or attapulgite
lay, and dispersants such as tannins. The mixture of drilling fluids
ith small pieces of formation rock generated during drilling are

eferred to as drill cuttings. The management of drilling cuttings
oses a problem to the oil and gas industry because of the quan-
ities generated and their content of both organic and inorganic

ontaminants. A survey by the American Petroleum Institute (API)
evealed that 6 × 109 Lpa of drill cuttings are generated in the US
5]. Between 50,000 and 80,000 tpa of drill cuttings have also been
eported to arise in the UK [6].

∗ Corresponding author. Tel.: +44 (0) 207 735 7667; fax: +44 (0) 207 380 0986.
E-mail address: sunday.leonard@ucl.ac.uk (S.A. Leonard).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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aste type.
© 2009 Elsevier B.V. All rights reserved.

The contaminants present in drill cuttings depend on the chem-
istry of the drilling mud used and the composition of the formation
rock [7]. These contaminants include petroleum hydrocarbons,
such as aliphatic hydrocarbons and polycyclic aromatic hydrocar-
bons (PAHs), polychlorinated biphenyls (PCBs), and heavy metals,
including barium, lead, zinc, mercury, chromium, arsenic, and
nickel [4,8,9]. Oil-based drilling muds are more harmful to the envi-
ronment because of their diesel/mineral oil content but may still be
the best option for some drilling conditions; synthetic drilling muds
have lower toxicity, however their biodegradation properties are
similar to those of oil-based mud [3]. Hence, drill cuttings manage-
ment is governed by stringent regulations, even for water-based
drill cuttings [2,10,11], and there is a need for effective manage-
ment options for these wastes.

Reported management options for drill cuttings are expen-
sive (e.g., slurry reinjection [12]); thermal desorption [13]; and
incineration [14]), require intensive energy use (e.g., incinera-
tion and thermal or microwave desorption [15]), time consuming
(e.g., biological methods such as bioremediation [16] and phytore-
mediation [17]), or environmentally unsustainable (e.g., disposal
in landfills [18]; reuse in construction without prior treatment

[19]). Recent studies [20,21] have also shown the possibility of
using stabilization/solidification (S/S) with hydraulic binders as
a possible treatment option, with the potential of using the sta-
bilized/solidified (s/s) product for useful purposes. This work
explores this management option.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:sunday.leonard@ucl.ac.uk
dx.doi.org/10.1016/j.jhazmat.2009.09.075
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.2. Stabilization/solidification (S/S)

S/S aims to immobilize contaminants in wastes or contam-
nated soils by the addition of hydraulic binders. Stabilization
nvolves converting contaminants into a less toxic and/or less sol-
ble form, while solidification involves creation of a durable solid
atrix to encapsulate contaminants. S/S is a widely accepted waste
anagement technology, which the USEPA identified as the best

emonstrated available technology for over 50 US Resource Con-
ervation and Recovery Act—listed hazardous wastes [22,23], and
hich has been used for 25% of US superfund sites [24]. S/S is a low

ost technology that can be applied quickly. The energy require-
ent is low if industrial by-product binders, such as pulverized

uel ash (PFA) or ground granulated blast furnace slag (GGBS) are
sed [25–27]. Depending on the characteristics of the resulting
/s product, there is the possibility of reusing it as a construction
aterial. S/S has been reported to be effective in the treatment of

norganic wastes [22], however its effectiveness in treating waste
ontaining substantial quantities of organic compounds remains
uestionable because of the detrimental effects that organic com-
ounds can have on the hydration of binders [23,28]. Furthermore,
here is little potential for chemical uptake of organic contaminants
nto hydration products. Any immobilization of organic contami-
ants will therefore depend on physical entrapment in the matrix
orosity, and sorption, such that non-polar (insoluble) compounds
re more likely to be retained by the solid, whereas polar (soluble)
ompounds will remain leachable.

Little published work exists on the use of S/S in the treatment
f drill cuttings. In a work by Al-Ansary and Al-Tabbaa [21], S/S
f synthetic drill cuttings was carried out using different binders;
eaching of oil and chloride in the BS EN 12457 batch extraction
rom some formulations was compliant with the UK acceptance
riteria for non-hazardous waste landfills. In another work [29],
etroleum drill cuttings were treated with cement, lime and PFA,
esulting in improved unconfined compressive strength and per-
eability, however, the leaching of chlorides was not assessed.

oshi et al. [30] reported on S/S of oil and gas well sludges con-
isting of drill cuttings and hydrocarbons using Portland cement,
FA, lime, and sodium silicate, but did not investigate hydrocarbon
r metal leaching.

Although organic compounds are generally incompatible with
ement-based matrices, their treatment using S/S may be improved
sing binders that can sorb organic compounds, thus preventing
heir detrimental effect on binder hydration. Previous work by
ther workers has used activated carbon to increase contaminant
orption in S/S [31,32]. Activated carbon is however expensive; a
ossible cheap material that could combine sorption and binding
haracteristics is high carbon power plant fly ash (HCFA), a poz-
olanic material [33] similar to the PFA widely accepted for use
n cement-based construction materials [34], but which contains

higher proportion of unburnt carbon. This carbon may act as a
orbent for organic compounds. Portland cement is often used as
source of alkalinity and calcium to activate pozzolanic reactions

n fly ash. This work therefore aims to investigate the possibility of
reating oil-based petroleum drill cuttings using cement and HCFA.

A full factorial experimental design approach, which maximizes
he information that can be obtained from experiments by enabling
tudy of the effects and interaction of multiple variables concur-
ently [35], was adopted. For a given waste type, the main process
ariables for S/S are the proportions (i.e., relative amounts) of
aste, cement-based binder and water [36]. With a binder com-

osed of more than one material, another important factor is the
inder formulation. This work therefore investigates the effects
f binder formulation: ratio of cement and HCFA, waste-to-binder
atio, and curing time on the S/S of petroleum drill cuttings using a
actorial design experiment. It further assesses different manage-
ardous Materials 174 (2010) 463–472

ment scenarios for the s/s products based on the results from testing
and performance criteria adapted from regulatory guidance.

2. Materials and methods

2.1. Drill cuttings

Two buckets of drill cuttings were obtained from an unidentified
terrestrial drilling operation and characterized, including deter-
mination of moisture content, specific gravity, loss-on-ignition,
hydrocarbon, metal and chloride contents, as well as hydrocarbon
desorption as a function of pH. The hydrocarbon content was deter-
mined by subjecting duplicate samples to USEPA Test Methods for
evaluating solid waste, physical/chemical methods [37], including
Method 3540C (soxhlet extraction), Method 3611B (alumina col-
umn cleanup and separation of petroleum wastes), and Method
8270C (semi-volatile organic compounds by GC/MS).

2.2. Binders

Ordinary Portland cement, CEM I 42.5, conforming to BS EN 197-
1:2000, was used; HCFA was provided by an unidentified source.
The characteristics of both materials are reported in Table 1.

2.3. Factorial design experiment

Three factors were studied in a full factorial design as summa-
rized in Table 2.

• Binder formulation: Experimental runs were carried out at two
levels: CEM I only and CEM I:HCFA = 1:1 to assess the effec-
tiveness of HCFA as a sorbent and investigate its effects on the
properties of the s/s product.

• Waste-to-binder ratio: Experimental runs were carried out at
three levels of waste-to-binder ratios: 0:1, 1:4 and 3:2, to exam-
ine the effect of drill cuttings on binder hydration and other s/s
product properties.

• Curing time: Tests were conducted on the s/s products after
7, 28 and 56 days, resulting in three levels. While cement-
based constructions materials can be relied upon to continue
to hydrate over time, leading to a stronger matrix of greater
density, addition of waste to a cement-based binder can result
in retarded, sometimes completely inhibited, hydration, or even
matrix degradation with time. Hence, s/s product properties were
determined over time to monitor for such effects.

The water:solid ratio was maintained at 0.45 for all runs; it
should be noted that this resulted in a variation in the water:cement
and water:binder ratios between runs.

2.4. Specimen preparation

Weighed quantities of drill cuttings, CEM I, HCFA and water were
homogenized in a Hobart mixer. The freshly prepared mixture was
poured into 50 mm × 50 mm steel cube moulds to fill them half
way. 70 mm × 70 mm cylindrical specimens were also prepared for
hydraulic conductivity testing. The half-filled moulds were com-
pacted using a vibrating table for approximately 15 s, and then
completely filled, allowing the top of the samples to extend slightly
above the top of the moulds. The moulds were further compacted

and the excess mixture scraped off to obtain a flat and smooth
surface. The moulds were then sealed in plastic bags to prevent
possible carbonation due to exposure to air and cured for 24 h
in a humidity chamber with a relative humidity of 98 ± 2% and a
temperature of 21 ± 3 ◦C before demoulding. The demoulded spec-
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Table 1
Characteristics of binders and drill cuttings.

Values ± standard deviation of three replicates

HCFA CEM I Drill cuttings

Properties
Moisture content (% wet mass) 0.6 ± 0.1 – 10.5 ± 0.1
Bulk density (g/cm3, wet mass) 0.9–1.3 1.3–1.5 1.1–1.6
Specific gravity 2.34 ± 0.01 3.58 ± 0.01 1.98 ± 0.01
pH (L/S of 10) 12.4 ± 0.1 13.1 ± 0.2 8.6 ± 0.2

Loss-on-ignition (% dry mass)
Organic carbon (550 ◦C) 33.1 ± 0.2a 2.1 ± 0.4 4.3 ± 0.2
Inorganic carbon (950 ◦C) 0.3 ± 0.1 0.7 ± 0.1 2.1 ± 0.1

Gravimetric masses (mg/kg dry mass)
Soxhlet extracts – – 66700 ± 400
Aliphatic fraction – – 44600 ± 600
Aromatic fraction – – 6580 ± 40
Polar fraction – – 5990 ± 20

Bulk composition analysis (%)
SiO2 25.4 21.8 60.4
Al2O3 12.9 4.5 10.4
Fe2O3 10 2.5 4.9
MgO 2.2 0.9 2.0
CaO 6.5 59.3 2.5
Na2O 0.5 0.3 2.4
K2O 1.1 0.6 1.7
TiO2 0.6 0.4 0.6
P2O5 0.6 0.2 0.1
MnO 0.3 0.04 0.06
SO4

2− 0.68 1.43 1.46

Elemental composition (mg/kg dry mass)
As 42 10 5
Ba 1,520 196 51,500
Cd 0.1 0.2 21
Co 23 8 14
Cr 114 55 106
Cu 68 35 44
Mn 1,880 294 345
Ni 96 23 38
Pb 32 14 150
Sr 730 475 930
Zn 61 52 82
Sn 3 34 1
V 131 67 108
Fe 59,200 18,300 26,400
Cl 1,300 200 6,360

a Strictly elemental carbon.

Table 2
Factorial design experiment.

Runs CEM I:HCFA Waste:binder Curing time (days) Water:solid Water:CEM I Water:binder

1a 1:0 0:1 7 0.45:1 0.45:1 0.45:1
2a 1:0 0:1 28 0.45:1 0.45:1 0.45:1
3a 1:0 0:1 56 0.45:1 0.45:1 0.45:1
4b 1:0 1:4 7 0.45:1 0.56:1 0.56:1
5 1:0 1:4 28 0.45:1 0.56:1 0.56:1
6b 1:0 1:4 56 0.45:1 0.56:1 0.56:1
7b 1:0 3:2 7 0.45:1 1.13:1 1.13:1
8 1:0 3:2 28 0.45:1 1.13:1 1.13:1
9b 1:0 3:2 56 0.45:1 1.13:1 1.13:1
10a 1:1 0:1 7 0.45:1 0.9:1 0.45:1
11a 1:1 0:1 28 0.45:1 0.9:1 0.45:1
12a 1:1 0:1 56 0.45:1 0.9:1 0.45:1
13b 1:1 1:4 7 0.45:1 1.13:1 0.56:1
14 1:1 1:4 28 0.45:1 1.13:1 0.56:1
15b 1:1 1:4 56 0.45:1 1.13:1 0.56:1
16b 1:1 3:2 7 0.45:1 2.25:1 1.13:1
17 1:1 3:2 28 0.45:1 2.25:1 1.13:1
18b 1:1 3:2 56 0.45:1 2.25:1 1.13:1

a Control runs.
b Used for 23 factorial analysis.



4 of Hazardous Materials 174 (2010) 463–472

i
h

2

t
s
a
U
a
s

•
•

•
•
•

•

•

•

2

w
A
i
f
f
d
M
h
T
v
t
i
m
a
t
t
a
e
M
l
w

3

3

m
r
h
w
a
m

66 S.A. Leonard, J.A. Stegemann / Journal

mens were resealed in plastic bags and transferred back into the
umidity chamber for further curing prior to testing.

.5. Testing procedure

The following physical and chemical tests were conducted on
he s/s products in accordance with the screening tests for hardened
/s products recommended for treatability testing by Stegemann
nd Zhou [38], who also discuss the rationale for use of these tests.
nless otherwise noted, tests were conducted in triplicate after
curing time of 7, 28, and 56 days, as recommended in adopted

tandards and guidance taken from literatures [e.g., 38–40]:

Measurement of specimen mass and volume (bulk density).
Unconfined compressive strength (UCS) (according to BS EN 196-
1:2005, with a 50 mm cube).
Moisture content.
Specific gravity (using a Micromeritics helium pycnometer).
Porosity (using data obtained from bulk density and specific grav-
ity measurements).
Hydraulic conductivity (in duplicate according to ASTM D5084-
03 method D).
24 h batch extraction with distilled water (in duplicate, according
to BS EN 12457-2:2002), with the determination of extract pH and
leached concentrations for chlorides and hydrocarbons.
Acid Neutralization Capacity (ANC) (according to DD CEN/TS
15364:2006, after 56 days only), with the determination of pH
and metal concentrations in the extracts with zero acid addition.

.6. Data analysis

A 23 factorial analysis of selected factorial levels (see Table 2)
as carried out using Minitab 15 statistical analysis software.
nalyses conducted included the determination of the main and

nteraction effects of the studied factors and the determination of a
easible region (using surface and overlaid contour plots) within the
actorial levels where the s/s product would have predetermined
esired properties, i.e., would meet performance thresholds [38].
initab uses the Pareto chart of effects to determine the factors that

ave significant effects (main and interaction) on each response.
his is achieved by plotting the absolute value of effects against the
arious factors and drawing a reference line on the chart. Any fac-
or whose absolute effect value extends beyond the reference line
s potentially significant. The position of the reference line is deter-

ined using the standard deviation of effects, degree of freedom
nd t-statistics of the experimental data [41] and it corresponds
o the level of significance (p-value) of the analysis of variance of
he experimental results. A significance level of 0.05 was used for
ll analyses. To determine regions within the studied factorial lev-
ls where the s/s products would meet performance thresholds,
initab plots a contour surface plot of each response and then over-

ays the plots on each other in a single figure, to show the region in
hich the performance thresholds can be achieved.

. Results and discussion

.1. Drill cuttings

The characteristics of the untreated drill cuttings, including
etal concentrations and compositional analysis are summa-
ized in Table 1. They contain predominantly C12 to C32 aliphatic
ydrocarbons in concentrations ranging from <1 to 140 mg/kg,
hich were tentatively identified as shown in Fig. 1, based on
mass spectrometry library search. Analysis for polycyclic aro-
atic hydrocarbons (PAHs) revealed the presence of only 5 of
Fig. 1. Concentration of aliphatic compounds in drill cuttings (dry mass basis).

the 16 USEPA priority PAHs: phenanthrene, (m/z 178), fluo-
ranthene/pyrene (m/z 202), benzo(j)fluoranthene/benzo[a]pyrene
(m/z 252), and indeno[1,2,3-cd]pyrene/benzo[ghi] perylene (m/z
276), indicating the toxicity of oil drill cuttings [e.g., 42] and the
need for treatment. Up to 7% hydrocarbons were present in the drill
cuttings, which could have detrimental effects on cement hydra-
tion and consequently the properties of the s/s products, especially
the unconfined compressive strength as later reported in the test
results.

3.2. Test results

3.2.1. Unconfined compressive strength (UCS)
A high UCS is not necessary for most waste management sce-

narios, but can be important for waste utilization, and UCS is an
excellent indicator of the progress of hydration reactions. Fig. 2a
summarizes the UCS results. The Pareto chart in Fig. 2b shows
that all factors studied had significant main and interaction effects
on the UCS. The UCS values ranged from 1.7 to 36.3 MPa after 7
days, which significantly increased to 4.7 to 44.5 MPa after 56 days.
Products with the higher waste:binder ratio have a significantly
lower UCS at all ages, possibly indicating a detrimental effect of
hydrocarbons on strength development, though this effect is con-
founded with strength decrease caused by reduced cement content.
S/S products containing HCFA also had lower UCS as compared to
samples prepared with CEM I only; PFA is known to hydrate more
slowly than CEM I and hydration is further retarded in PFA contain-
ing a high amount of carbon [33]. It has, however, been reported
that blends of up to PFA:CEM I = 1:1 continue to hydrate over time,
leading to additional gains in strength [33,43].

The 56-day UCS of the CEM I:HCFA control mix without waste
(30.1 MPa) was not significantly different from that of the CEM
I:HCFA s/s product with waste:binder = 1:4 (29.8 MPa). Since these
UCS values were significantly lower than that of the CEM I only con-
trol mix (44.5 MPa), the main factor negatively influencing 56 days
strength at the lower waste:binder ratio seems to be the presence
of HCFA rather than drill cuttings. Since there was a significant dif-
ference in the UCS of the CEM I control (44.5 MPa) and the CEM I s/s
product with waste:binder = 1:4 (33.3 MPa), it can be inferred that
the presence of HCFA was able to impede the detrimental effect of
hydrocarbons on 56 days strength at the lower waste:binder ratio.

Though strength development of products containing HCFA was
slower, this main effect of HCFA addition was less important than
the interaction effect from the combination of waste:binder ratio
and curing time.
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Fig. 2. (a) Summary of UCS results, (b) Pareto chart for UCS, (c) summary of hydraulic conductivity results, (d) Pareto chart for hydraulic conductivity, (e) summary of porosity
results, (f) Pareto chart for porosity, (g) summary of leachate pH, and (h) Pareto chart for Leachate pH. (*measurements were recorded for 7 and 56 days samples only).
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Fig. 2.

The strengths obtained in this work are similar to those obtained
y Al-Ansary and Al-Tabbaa [21], who stabilized synthetic drill
utting using Portland cement, GGBS, and micro-silica. However,
hey reported no significant difference in the UCS for the cement
ontrol mix and cement/drill cuttings mix at 30% binder con-
ent, which is contrary to the result obtained here. This could
e due to the fact that the characteristics of actual drill cuttings
ay differ significantly from those of laboratory synthesized drill

uttings.

.2.2. Hydraulic conductivity and porosity
The hydraulic conductivity of a s/s product controls whether

eaching occurs by advection or diffusion. Fig. 2c and d respectively
hows the bar and Pareto charts for the hydraulic conductivity,
hich was measured at 7 and 56 days only (on different spec-

mens). The Pareto chart reveals that the hydraulic conductivity
as influenced by all factors studied, with the interaction between

inder formulation and curing time having the dominant effect.
ydraulic conductivities ranged from 0.5 to 9.7 × 10−9 m/s after 7
ays and 0.05–23.5 × 10−9 m/s after 56 days. It was noted that the
EM I s/s products show a lower (i.e., more desirable) hydraulic
onductivity than CEM I:HCFA products after 7 days. However, the
ydraulic conductivities of CEM I products increased substantially
ith time while those of CEM I:HCFA products decreased, with

he sample containing HCFA at waste:binder ratio = 3:2 having the
owest hydraulic conductivity after 56 days.

The hydraulic conductivity is a function of the pore structure

44], hence the porosity, but this relationship is complicated [45].
orosity values are summarized in Fig. 2e. The Pareto chart for
orosity (Fig. 2f) shows that the studied factors did not have sim-

lar effects on porosity as on hydraulic conductivity, with effects
f waste:binder and binder formulation, but no effect of curing
inued ).

time or interaction effects. A correlation analysis of the porosity
and hydraulic conductivity yielded a negative and poor correlation
(−17%); Morin [46] reported a similar result.

Hydraulic conductivity would be expected to decrease with
time, as a consequence of matrix densification by continued hydra-
tion, as was observed for the CEM I:HCFA products. The observed
increase in hydraulic conductivity of the CEM I products could
result from matrix disruption reaction, such as delayed ettringite
formation, due to the presence of sulphates in the drill cuttings.
Sulphate-induced expansion has been reported to increase with
increased cement content but can be inhibited by fly ash addition
[47,48]. However, such reactions would be expected to manifest
also in increased porosity and decreased UCS, which were not
observed. Thus, it is more likely that the increase in hydraulic con-
ductivity of the CEM I products is an experimental artifact, caused
by difficulties in achieving the same degree of compaction during
specimen preparation, which can affect the connected porosity and
therefore fluid flow.

3.2.3. Leachate pH and acid neutralization capacity (ANC)
Matrix pH and ANC are important in understanding the stability

of the chemical environment in an s/s product. Since the conditions
provided by the ANC test extract without acid addition are similar
to those in BS EN 12457-2, the pH values measured in these two
tests are expected to be similar. Either value can be used, along with
strength development, to assess the progress of binder hydration
[38]. Fig. 2g shows the BS EN 12457-2 pH values. The correspond-

ing Pareto chart (Fig. 2h) shows significant effects caused by all
three main factors and the interaction between the binder formu-
lation and curing time, with the binder formulation having the
dominant effect. All leachates without acid addition had pH val-
ues above 12.3, indicating the likely formation of physically stable
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Fig. 3. Acid neutralization capacity (A

–S–H, which is responsible for the physical integrity of the matrix
38], in equilibrium with lime.

ANC was measured for all products at 56 days; the resulting
lots of pH as a function of acid addition in mequiv. of HNO3/g of
ry binder are shown in Fig. 3. The plateaus in an ANC plot represent
ifferent hydrated phases which are able to resist acid attack [49]
nd their absence or lack of distinct presence (steep slope) in an
NC plot indicates the inhibition of their formation. Relative to the
EM I control, the plots show that drill cuttings did not visibly affect
he ANC of CEM I s/s products at acid additions below 8.0 mequiv./g,
ut the plots for the CEM I s/s products became steeper at higher
cid additions, indicating a relatively minor detrimental effect of
rill cuttings on the ANC provided by the binder. By contrast,
or the CEM I:HCFA s/s products, drill cuttings addition seems to
ave improved the ANC, especially for the products with higher
aste:binder ratio. For example, while the cement/HCFA control
ad an ANC of ∼5.2 mequiv./g of binder at pH 9, the s/s products
ith the same binder formulation had ANCs of approximately 6.3

nd 6.8 at the same pH. Since the drilling mud has a poor ANC (pH
.3 after addition of 3 mequiv./g), this may be evidence of formation
f new phases by reaction of the drilling mud with the binder.

.2.4. Chloride, hydrocarbon and metal leaching
Chloride, hydrocarbon, and metal leaching from the s/s products

ange from 26 to 170 mg/L, 0 to 0.6 mg/L, and 0.001 to 12.7 mg/L,
espectively. Detailed discussion on these is reported in Ref. [50];
owever, the assessment of the s/s product management options
iscussed in the next section makes reference the results.

.3. Assessment of s/s product management options

Using available information on performance thresholds, an
pproach for assessing management options for the s/s products
as demonstrated using contour plot overlays developed using
initab. Performance thresholds were taken from a variety of

ources having different degrees of formalization, i.e., while some
re regulations or standard specifications, others are simply pro-
osals under discussion. The adoption of these thresholds in this

ork is for illustrative purposes only, and it is recommended that

he appropriateness of values applied be carefully considered in
ractice.

Contour plot overlays for the various responses were used to
ssess potential management options for the s/s products. All anal-
ots for s/s products cured for 56 days.

yses were done based on the characteristics measured at 28 days.
The ranges of values shown on the x and y axes represent the limits
of the experimental conditions investigated. The upper and lower
performance thresholds are represented by dashed and solid col-
ored lines, respectively, as identified in the figure legends. Where
a performance threshold is not shown on the plot, this indicates
that such threshold is outside the plot, i.e., that it is satisfied by the
experimental conditions investigated. The white area in the plots
represents the range of binder formulation and waste-to-binder
ratios where the proposed performance thresholds are satisfied.
Five management options were assessed and discussed.

3.3.1. Controlled low-strength materials (CLSM)
CLSM, also referred to as flowable fills, are self-compacting

cement-based materials used as alternatives to conventional com-
pacted fills [51]. They find application as backfills, structural fills,
pavement (bases, sub-bases, and sub-grades), conduit bedding,
and in erosion control and bridge reclamation works. CLSM con-
sist of water, cement, fly ash, and fine aggregates; however, ACI
recommends the use of non standard materials if they meet
desired properties including strength, hydraulic conductivity, den-
sity, excavatability, and flowability. Recommended UCS values
range between 0.3 and 8.4 MPa depending on the type of appli-
cation. Hydraulic conductivities between 10−6 and 10−9 m/s and
densities between 1.4 and 2.3 g/cm3 are acceptable. The excavata-
bility refers to the ease of removal at a later age and is related to the
UCS. The main environmental protection consideration is contami-
nants leaching from the s/s products. In the absence other guidance,
the Dutch intervention value of 0.6 mg/L for mineral oil in ground-
water was adopted [52]. For chlorides, the USEPA drinking water
limit of 250 mg/L [53] was adopted. A combination of the USEPA
preliminary remediation goals [54] and the Dutch intervention val-
ues [52] were adopted for metals. The overlaid plot is shown in
Fig. 4a. The ANC was not considered as all s/s products satisfy the
recommended value of 1 mequiv./g at pH 9 for unrestricted utiliza-
tion [55]. The white area in the plot indicates that CLSM can be
prepared from a mixture drill cuttings, CEM I and HCFA within the
studied factorial levels.
3.3.2. Landfill liners
The most important property for a landfill liner is the hydraulic

conductivity, for which an upper limit of 10−9 m/s is often recom-
mended, e.g., [55,56] and has been applied here. Fig. 4b shows the
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ig. 4. Overlaid contour plot for: (a) the use of S/S products drilling cuttings as CLS
andfill daily cover, and (d) the disposal of S/S drilling cuttings as hazardous waste.

verlaid plot. A minimum of 4 MPa; to provide a fourfold safety
argin over the 1 MPa for landfill disposal of s/s products recom-
ended in [57] was applied for UCS. For other properties, the same

erformance thresholds were used as for CLSM. The white area in
ig. 4b shows that only a small range of binder formulation and
aste-to-binder ratio can meet the hydraulic conductivity thresh-

ld value for use of s/s drilling cuttings as landfill liner.

.3.3. Landfill daily cover
The UCS and hydraulic conductivity performance thresholds

pplied for application of s/s drilling muds as daily cover material
n landfills were a minimum of 1 MPa and maximum of 10−8 m/s,
espectively, based on the proposals for acceptance for landfill dis-
osal [55,57]. The threshold values adopted above for landfill liners
ere applied for the other properties of interest. The overlaid plot

Fig. 4c) indicates that most s/s products in the experimental range
ould be utilized as landfill daily cover.

.3.4. Landfill disposal as inert waste

Under the UK guidance for waste landfilling, a waste is con-

idered inert if it does not produce leachates with significant
cotoxicity [57]. A comparison of the guidance values (not shown)
nd the leaching results for metals [50] shows that chromium
eaching exceeds the threshold of 0.5 mg/kg dry waste. Further-
the use of S/S drilling cuttings as landfill liner, (c) the use of S/S drilling cuttings as

more, the mineral oil (C10 to C40) concentration of the untreated
drill cuttings exceeds the 500 mg/kg threshold allowable for land-
filling; hence the s/s drilling muds cannot be accepted as inert
waste.

3.3.5. Landfill disposal:hazardous waste (to be disposed in a
non-hazardous landfill)

Under the UK guidance [57], chloride leaching must not exceed
15,000 mg/kg (i.e., 1500 mg/L at L/S = 10). Comparison of the UK
guidance values for metal leaching and leaching from the s/s prod-
ucts [50] shows that concentrations were below guidance values.
The guidance does not set limits for hydrocarbons leaching; there-
fore the Dutch guidance value was adopted. The overlaid plot
(Fig. 4d) is the same as that of landfill daily cover even though the set
chloride limits were different. This is because the highest chloride
leaching from the s/s products was below the 250 and 1500 mg/L
set for landfill daily cover and non-hazardous landfills respectively.

4. Further remarks and recommendations
The assessment of management options was based on tested
properties of the s/s products. A complete assessment would
require taking other factors such as economic and social aspects
into consideration. Furthermore, a more rigorous technical assess-
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ent of the civil engineering properties of the S/S products would
e required for utilization. Many other potential reuse scenarios,
uch as concrete bricks and blocks, footpaths and light weight con-
retes remain to be explored.

. Conclusion

In this work, cement-based S/S of petroleum drill cuttings and
ossible management options for the s/s products was studied
sing a factorial design experiment. The following conclusions can
e drawn for the results obtained:

Factorial analysis shows that the binder formulation, waste-to-
binder ratio, and the curing time affected the tested properties of
the S/S products.
Although the presence of drill cuttings significantly decreased
the strength of the s/s products, their UCS values indicate that
hydration of the binder has taken place. Samples treated using
HCFA were less affected by the drill cuttings and show better
hydraulic conductivity than those treated with CEM I only.
The leachate pHs were above 12.3, confirming the likelihood of
binder hydration to form C–S–H. Furthermore, the ANC plots indi-
cate that drill cuttings do not significantly affect the matrix ANC;
instead, the addition of drill cuttings seems to improve the ANC
of s/s products prepared from CEM I with HPFA.
Assessment of management options for the s/s drill cuttings indi-
cates that they could find potential application as CLSM, landfill
liners, and landfill daily cover. The s/s products also satisfy the
UK non-hazardous landfill acceptance criteria but cannot pass as
inert waste due to their chloride and oil contents.
The work demonstrates how a systematic treatability study can
be used to develop an operating window for S/S of a particular
waste type and illustrates the possibility of utilizing an indus-
trial by-product (HCFA) in cement-based S/S; hence, a sustainable
management method.
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