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a b s t r a c t

The objective of this study is to demonstrate the practical use of polluted river sediments after treatment
into brick production. Consequently, a full-scale industrial experiment was conducted at a brick factory in
the north of France. Polluted sediment was stabilized by the Novosol® process and then was introduced
in the mix-design with a substitution ratio of 15% as a partial replacement of quartz sand. Approximately
eywords:
iver sediment
rick making

ndustrial-scale experiment

15,000 perforated sediment-amended bricks were produced. The produced bricks were then subjected
to several qualification tests (compressive strength, freeze and thaw resistance, water absorption). The
results obtained showed that the substitution of quartz sand by treated sediment resulted in a signifi-
cant increase in brick compressive strength and firing shrinkage, and in a decrease in porosity and water
absorption. Moreover, leaching tests performed according to different standards on substituted brick sam-
ples showed that the quantities of heavy metals leached from crushed bricks were within the regulatory
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. Introduction

Over the next 15 years, a volume of 3 million m3 of river sedi-
ents is to be dredged in the north of France in order to maintain
normal river activity in this region [1]. An important part of

hese sediments is actually polluted. This pollution is linked to
he industrial history of the region where certain activities, like
ron and steel industries, metallurgy of nonferrous ores and energy
ectors remain polluting. Contamination is mainly due to organic
PAHs, PCBs, TBT and dioxins) and inorganic (heavy metals: lead,
hromium, zinc, copper) pollutants, which can end up in drains,
ivers, and coastal waters, thus contaminating water resources,
oils and polluting the environment. Dredged material has to be
anaged and since international and European laws have become
ore stringent, its management has become an environmental and

conomical concern for a large number of countries [2]. Various
lternatives to the disposal of the processed material have been
nvestigated like sea deposit, landfilling and treatment processes.
he effect of disposal in open-water has been largely studied [3,4].

andfilling requires large spaces and long-term monitoring; how-
ver, it is less accepted by the public opinion (NIMBY). On the
ther hand treatment processes permit a reduction in toxicity and
olume of dredged material, but in comparison with open-water
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an be regarded as non-hazardous material.
Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.

nd upland disposal, the treatment cost is not yet competitive
nough [5]. This underlines the necessity to find ecological val-
rization paths for processed material to make these alternatives
conomically competitive. Moreover, the beneficial use of polluted
ediments offers a practical contribution to maximising the conser-
ation of traditional brick-making raw materials. The heterogeneity
f clay-based materials accommodates a variety of waste mate-
ials, thus the incorporation of industrial wastes in bricks and
iles is becoming common practice [6,7]. In recent decades sev-
ral types of waste materials have been assessed as raw material
or brick making, for example lightly contaminated harbour sedi-

ents [8–10], waste bricks [11], limestone dust and wood sawdust
12], processed waste tea [13], reservoir sediments, mixed with fly
sh [14], dried sludge collected from industrial wastewater treat-
ent [15–17], incinerated sewage sludge ash [18–20], fly ash [21],

ranite sawing waste material [22], water treatment residual with
xcavation waste soil [23] and steel dust [24]. Considering their
erpetual availability, particle sizing and their chemical composi-
ion, sediments are regarded as a suitable raw material for brick
roduction.

The application of polluted river sediments as a partial replace-
ent material in brick making has been previously investigated.
ndeed, during the last 6 years our laboratory has realised a large
umber of experiments in order to study the feasibility of using
olluted river sediments, after treatment, in construction materi-
ls (mortar, road materials, clay bricks). In brick making, treated
ediment (TS) was used as a partial sand and clay substitute. It has

ghts reserved.
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Table 1
Total concentrations of heavy metals in raw river sediments in mg/kg on dry material

Element Cadmium (Cd) Chromium (Cr) Copper (Cu) Lead (Pb) Zinc (Zn)

Raw sediment 12.8 413 150.7 1373 5032
Level N1 1.2 90 45 100 276
Level N2 2.4 180 90 200 552
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Fig. 1. SEM photomicrograph of a ty

een constructively and successfully incorporated into bricks with
ifferent proportions ranging from 25 to 45% (dry basis). The mix-
esigns (sediment, water, and natural clay) were first dry-blended

n a Z-blade mixer. After tempering, the four (0, 25, 35 and 45%)
lastic bodies were formed into test specimens using a labora-
ory extruder. A vacuum machine was used to expel the air from
he mixture to avoid cracking during firing. Brick specimens were
rstly dried off in a tunnel dryer and then fired in the tunnel kiln
f the local brick factory. The results show that the sediment pro-
ortion in the mixture has had an important impact on the quality
f the brick. As an example, the increase in sediment proportion
esulted in a decrease in compressive strength, but the latter of
ll sediment-amended brick samples was still comparable to that
f standard bricks. The substituted bricks have successfully passed
he different tests required by French Standards in order to assess
he suitability of a brick to be used in construction, for example:
t was observed that the weight losses for all substitution ratios
re less than 1% (the limit given by the French Standard). In addi-
ion, neither cracking, nor breakage occurred on all the specimens
ested. Moreover, after drying, samples were carefully examined
nd no efflorescence was observed for all tested specimens. Con-

idering physical, mechanical and chemical results, the 35% ratio of
ubstitution of treated sediments in bricks was selected to be the
ost effective one in laboratory scale. For more details see [25].

ubsequently, a factory proving experiment was carried out at the
riqueterie du Nord (BdN) to confirm their full-scale practical use as

able 2
oncentrations of main heavy metals leached out of treated sediments according to
rench Standards (mg/kg on dry material)

lement Treated
sediment

Limit values for waste
acceptable as inert

Limit values for waste
acceptable as non-hazardous

pH 11.4 L/S = 10 (l/kg) L/S = 10 (l/kg)

d <0.01 0.04 1
u <0.1 2 50
n 0.18 4 50
i <0.08 0.4 10
b <0.2 0.5 10
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particle of treated river sediments.

brick raw material. The current paper presents and discusses the
esults obtained. In the first part a characterisation of treated sed-
ment is introduced. Then, the manufacturing process of the BdN
rick factory is described. Finally, the results of qualification tests
ndertaken on sediment-amended bricks are presented compared
o those of the standard one.

. Materials and methods

.1. Characterisation of sediments

Sediments in this study come from Dampremy-Charleroi region
Belgium). This area is marked by several industrial activities like
oal mining, iron and steel industry, glassworks, chemicals and
lectrical engineering which explains the high heavy metal con-
entrations in raw sediment.

Table 1 gives the concentrations of heavy metals in raw sed-
ments, where five metal species of daily concern were selected
cadmium, chromium, copper, lead, zinc). French levels of refer-
nce, given by the Official Journal [26], are also reported in this
able. Below level N1, the potential impact is regarded, in principle,

s neutral or negligible. Between levels N1 and N2, further investi-
ations may prove necessary depending on the project considered
nd on the extent to which action level N1 is exceeded. Beyond N2
evel, additional investigation is generally necessary since signifi-
ant indices suggest a potentially harmful impact of the operations

able 3
oncentrations of heavy metals leached out of TS according to the TCLP standard
rocedure (mg/kg on dry material)

lement Treated sediment Regulated TCLP limit
pH 4.65

d 0.31 1.00
u 0.76 15
n 13.8 25.00
i 0.9 –
b 1.65 5.00
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Table 4
Mineralogy of treated sediments and standard brick feedstock (sand 1, 2 and natural
clay)

Treated
sediment

Sand 1 Sand 2 (coarse
sand)

Natural clay

Quartz: SiO2 Quartz: SiO2 Quartz: SiO2 Quartz: SiO2

Hematite:
Fe2O3

Gypsum:
CaSO4·2H2O

– Clay minerals
(<2 �m):

Smectite:
66%

Illite: 16%
Calcite: CaCO3 – – Kaolinite:

12%
Chlorite: 6%

Feldspar:
anorthite
(Ca,Na)(Si,Al)4O8

Feldspar:
anorthite
(Ca,Na)(Si,Al)4O8

– Feldspar: albite
NaAlSi3O8

Mica:
muscovite

– Mica:
muscovite
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Table 5
Composition of the BdN-standard Brick and the Factory Trial mix-designs (w% on
dry basis)

Product BdN-standard mix-design Sediment-amended mix-design
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can be considered as non-hazardous waste. As an example for Zn,
KAl2(Si3Al)O10(OH,F)2 (K,Na)Al2(Si,Al)
4O10(OH)2

lassy phase – – –

27]. From Table 1 we can observe that raw sediments exhibit high
oncentrations of heavy metals that largely exceed level N2. As an
xample the concentration of Zn (5032 mg/kg) is approximately ten
imes higher than N2 level, which is equal to 552 mg/kg. These
esults emphasis that polluted raw sediments have to be treated
efore being valorized. Moreover, raw sediments contain ≈15% (on
ry basis) of organic matter, thus to avoid the uneven surface tex-
ure of bricks, they need to be calcined before being introduced into
rick production. Thus, raw sediments were subjected to a prelimi-
ary treatment using the Novosol® process developed and patented
y the Solvay Company. It is based on the stabilization of heavy
etals in the solid matrix by phosphatation and the destruction

f organic matter by calcination. During the phosphatation phase,
aw sediments are mixed with phosphoric acid H3PO4 (2–3.5%) in
tubular reactor. The addition of phosphoric acid allows, in the

resence of calcite, the formation of calcium phosphates minerals.
These minerals are known for their low solubility and their abil-
ty to fix heavy metals. The calcination phase consists of calcining
he phosphated sediments at ≥650 ◦C in a rotary kiln, in order to
reak down the organic matter (polycyclic aromatic hydrocarbons,
ioxins and pesticides). It increases the product toughness, reduces

t
a
t
r

Fig. 2. Process line at the brickwork:
S 0 15
and 1 20 0
and 2 5 5
atural clay 75 80

he volumes of processed materials after treatment and allows a
etter stabilization of metal phosphates. On the other hand, gaseous
missions resulting from the treatment process (essentially H2S
nd CO2 and traces of heavy metals) are chemically treated using
ctivated charcoal and sodium bicarbonate. For more details con-
erning this process, see [28–30].

Treated sediment can be described as an odourless, fine grained
owder of a particle density (≈2.8 g cm−3) comparable to that of
lay (2.6–2.7 g cm−3). The granules making up the bulk material
re generally angular to round in shape and composed mainly of
gglomerates of fine sintered particles with a specific surface area
BET ≈ 6 m2 g−1), which gives them the ability to absorb a lot of
ater (Fig. 1).

Heavy metal leaching was performed in accordance with two
ifferent procedures: the French Standard [31], where TS were

eached out using distilled water and the American Toxicity Charac-
eristic Leaching Procedure (TCLP-USEPA 1986) [32], where acetic
cid was used as leaching solution. Metals (Al, Ca, Fe, Mg, Ti, Cr, Cu,
n, Sr, V, Pb, and Zn) in the leaching solutions were determined
ith a Varian Inductively Coupled Plasma Atomic Emission Spec-

rometer (ICP-AES). The results are given in Tables 2 and 3 together
ith the limits given by the Commission of the European Commu-
ities [33] and the TCLP limits.

From Tables 2 and 3 we can observe that leached metal concen-
rations of the TCLP test are higher than those of the French Standard
rocedure, because of the higher pH values of the latter. The values
f the five selected metal species (Cd, Cu, Ni, Pb, and Zn) are largely
elow the regulatory limits for both tests, thus treated sediments
he metal of most concern in terms of leaching test, values of 0.18
nd 13.8 mg/kg were found for the two tests respectively. However,
hese values are largely inside the regulated limits (4 and 25 mg/kg
espectively).

(a) flow diagram; (b) photos.
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Fig. 3. Drying program of bricks.
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Mineralogical analysis was undertaken using a Philips PW 1730
iffractometer. The results of the X-ray diffraction (XRD) are given

n Table 4. They show that TS are composed mainly of quartz which
ives them the possibility to fulfil the same role as the quartz sand.
hey also reveal a marked presence of iron oxide, calcite with some
races of feldspar, mica and sulphates. The presence of hematite
ives an encouraging support for the beneficial use of these sedi-
ents in brick making, as iron is recognised to possess good fluxing

roperties [18,19].
The influence of TS addition on the plastic properties of the mix-

ure has been presented in earlier publication [25], where it has
een stated that the plasticity index is inversely proportional to
he amount of added sediments, thus the addition of treated sed-
ments lowers the plastic nature of the mixture and decreases its
onding ability.

.2. Factory brick-making process

The Briqueterie du Nord is a participating partner in this study.
t operates a brick factory in the Nord-Pas-de-Calais region (North
f France). Its annual production reaches 45,000 t of bricks per
ear. In its brick-making operation the BdN uses tow types of
and (1, 2) and natural clay. The XRD (Table 4) shows that these
ands are composed mainly of quartz; while for natural clay a
arked presence of quartz, mica and feldspar was detected and

he clay fraction (<2 �m) is composed mainly of Smectite (66%).
he progressive stages of brick manufacture are illustrated in Fig. 2.
and and clay are removed from the stockpile and discharged
nto a feed-shute, where they are mixed. The mixture then is car-
ied by conveyor-belt to a crusher consisting of a rigid base over
hich tow circular crushing rolls continually revolve. The tem-
ering process takes place at this stage, where additional water

s added to transform the mixture into an adequate plastic state
fter which it passes into a vacuum extruder. The rectangular
olumn that emerges from the extruder is subsequently sepa-
ated into individual bricks by a wire-cutter that slices vertically
hrough the column. The formed bricks are then stacked into
ars and passed through a tunnel drier. The dried bricks then
ass through a tunnel kiln where they reach a maximum tem-
erature of 1000 ◦C. The drying and firing programs are given in
igs. 3 and 4.

Details of the BdN-standard and the sediment-amended mix-
esigns are given in Table 5. We note that sand 1 in the
ediment-amended mix-design was substituted by treated sedi-
ent introduced with a ratio of 15%. However the results of this

xperiment will be used to guide other trials where a higher quan-
ity of treated sediment will be valorized.

A granular distribution was carried out on TS and on the BdN
eedstock (sand and natural clay). The results are shown in Table 6
ogether with the granular distribution of the BdN-standard mix-

esign and the sediment-amended one.

In particle size TS can be considered as silty sand. The BdN-
tandard mix-design is seen to be somewhat coarser when
ompared to the sediment-amended one, where 78.15% of particles
re <62.5 �m).

c
s
w

able 6
omparative particle size analysis of TS, sand 1 and 2, natural clay, BdN-standard Brick an

ranular distribution Treated sediment Sand 1 Sand 2 N

oarse sand: >500 �m 15 5 15
edium sand: 250–500 �m 13 10 40

ine sand: 62.5–250 �m 32 77.8 44.5
ilt: 2.5–62.5 �m 38 7.2 0.5 8
lay <2.5 �m 2 – –
Fig. 4. Heating program of bricks.

. Results and discussion
Treated sediment was introduced into the manufacturing pro-
ess without any alteration to the existing process lines. The
ediment-amended mix-design required approximately 2% more
ater to achieve a level of plasticity comparable to that of the stan-

d Factory Trial mix-designs (w%)

atural clay BdN-standard mix-design Sediment-amended mix-design

– 1.7 3
– 3.9 3.95
9.8 25.8 14.9
2 62.3 71.3
8.2 6.3 6.85
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Table 7
Firing shrinkage of tested bricks

Product % Fired shrinkage

BdN-standard brick 7
Sediment-amended brick 10

Table 8
Compressive strength (MPa)

Mix-design BdN brick Sediment-amended brick

Average compressive strength 22 36

Table 9
Permeability values of the BdN-standard and Factory Trial bricks

Product Permeability
(m/s)

Intrinsic permeability
(m2)

BdN-standard brick 9.5 × 10−7 8.75 × 10−14

Sediment-amended brick 7 × 10−8 6.5 × 10−15

Table 10
Weight loss in brick specimens (%)

Mix-design BdN-standard brick Sediment-amended
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Table 12
Concentrations of heavy metals in the leachates of brick samples leached with acetic
acid in mg/kg on dry material

Element Sediment-amended brick BdN-standard brick Regulated TCLP limit
pH 4.92 pH 4.97

Cd <0.04 <0.04 1.00
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The results of porosity and water absorption are given in
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(25 cycles) brick (50 cycles)

verage weight loss 0.13 0.36

ard brick mix-design. No difficulties were reported either at the
ixer or at the extrusion stage of the process line. Approximately

5,000 perforated bricks (6 cm × 22 cm × 22 cm) were fired through
he factory tunnel kiln during this trial. The choice of this type of
rick was based on their high selling rate.

Once out of the kiln white spots and grains were observed on
heir surface (Fig. 5). To study the nature of these spots a scan-
ing electron microscopy (SEM) was carried out on brick samples
Fig. 6). It revealed the presence of gypsum (CaSO4·2H2O) and barite
BaSO4). This occurs due to soluble salts (especially sulphates) con-
ained in TS, which migrate to the brick surface during drying and
ubsequently persisting as white spots on the fired product. The
resence of white grains is linked to the marked presence of calcite

n treated sediments (Fig. 7). In fact, calcite with grain size <1 mm
eacts with silica and alumina, deriving from already dehydroxy-
ated phyllosilicates (grain-boundary reaction between CaO, Al2O3
nd SiO2) to form new high-temperature phases such as gehlenite
nd anorthite. The XRD analysis, carried out on sediment-amended
rick samples, revealed the presence of anorthite within these sam-
les [34]. When calcite grain size is >1 mm, it transforms into lime
CaO) and remains within the fired body [35–37].

A representative sample batch of this trial underwent a series of
ests including compressive strength, freeze and thaw resistance,

ater absorption, permeability, porosity and heavy metal leaching

o determine the properties of the new material. The results are
ummarised in Tables 7–12 compared with the BdN-standard brick.

F
p
t

able 11
esults of the leaching test undertaken on brick specimens in accordance with the French

lement Sediment-amended brick BdN-standard brick Limit values for w
pH 8.9 pH 7.6 L/S = 10 (l/kg)

d <0.02 <0.02 0.04
u <0.03 <0.03 2
n 0.053 0.177 4
i <0.07 <0.07 0.4
b <0.2 <0.2 0.5
u 0.1 0.2 15
n 3.7 3.3 25.00
i <0.14 0.67 –
b <0.4 <0.4 5.00

.1. Firing shrinkage

The firing shrinkage was measured for 10 bricks of each mix-
esign. The results are given in Table 7. We can observe that the
ring shrinkage of the sediment-amended brick is higher than that
f the BdN-standard one. This is due to the fact that the BdN-
tandard mix-design is coarser than that of the sediment-amended
ne (Table 6), where 20% of sand 1 (composed mainly of quartz)
as used which increases the expansion coefficient of the body

nd thus decreasing the linear shrinkage [38]. Since the sintering
ate is proportional to the particle size [39,40]; the trial mix-design
s expected to undergo more important sintering than the BdN-
tandard one resulting in more shrinkage. On the other hand the
ediment-amended mix-design required approximately 2% more
ater to achieve a level of plasticity comparable to that of the BdN-

tandard one. This is due to the porous microstructure of TS which
ives them a high specific surface area. Thus, they tend to soak up
nd hold a proportion of the water added at the mixing stage, which
ause more shrinkage during drying.

.2. Porosity and water absorption

Porosity and water absorption were measured according to the
rocedure proposed by Khalaf and DeVenny [41]. Test sample (at

east 100 g of brick lumps) was obtained by smashing 5 full-size
ricks. The lumps of crushed bricks were mixed and sieved on 20
nd 14-mm sieves. The fraction passing the 20-mm sieve and being
etained on the 14-mm sieve was kept. Brick lumps were oven-
ried (105 ◦C) for 24 h. The dry mass was determined to an accuracy
f 0.1%. The test sample was placed in a desiccator and air was
emoved using a vacuum pump, operating at a pressure of 0.07 bar,
or 0.5 h. Porosity and water absorption by 24 h submersion in cold
ater, were determined using Eqs. (1) and (2) respectively:

orosity (%) = B − A

B − C
× 100 (1)

ater absorption (%) = B − A

A
× 100 (2)

here A, B and C are: the dried mass, the saturated mass and the
igs. 8 and 9. They indicate that the BdN-standard bricks are more
orous than sediment-amended ones. Indeed, at lower tempera-
ure (up to 800 ◦C), porosity closing and pore elimination is due

Standard in mg/kg on dry material

aste acceptable as inert Limit values for waste acceptable as non-hazardous
L/S = 10 (l/kg)

1
50
50
10
10
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Fig. 5. Some examples of pro

o diffusion mechanism during solid state sintering. Since sinter-
ng rate is proportional to particle size, sediment-amended bricks
re expected to undergo a higher sintering than the standard ones
esulting in a higher reduction in porosity. At high temperature
>900 ◦C) the additional reduction in porosity is due to vitrifica-
ion, where smaller pores between clay particles disappear as a
esult of melting and coalescence of particles and the phyllosilicate
urfaces become smoother and the pores become ellipsoid with
mooth edges (Fig. 10).

BdN-standard brick exhibit a higher water absorption coeffi-
ient than sediment-amended one since this parameter is directly
elated to porosity.

.3. Compressive strength

The compressive strength test was undertaken on 10 full-size
ricks of both mix-designs in accordance with the procedure as
escribed in the French Standards [42,43]. The average results are
iven in Table 8.

From Table 8 one can observe that the average compres-
ive strength of the sediment-amended brick is 63% higher than
hat of the BdN-standard one. This is due to the substitution
f coarse quartz sand (sand 1) by TS, resulting in a finer mix-
esign. Thus, sediment-amended bricks are better sintered than
he BdN-standard ones. This resulted in a denser microstructure, as
onfirmed by the density measurements, where values of 1.99 and
.05 g cm−3 were obtained for BdN-standard bricks and sediment-
mended ones respectively. In addition, the compressive strength is
irectly related to porosity and it has been stated that the porosity
f the standard brick is higher than that of the sediment-amended
ne, which induces a decrease in its compressive strength. On the
ther hand, quartz with particle size in the range of (10–30 �m)
mproves the mechanical strength, while large-size quartz particles
end to decrease it. This is due to the susceptibility to micro-cracks
ormation due to the quartz allotropic transformation at a tempera-

ure around 573 ◦C, which induces in a volumetric change (TV = 1%)
hat exerts a tensile stress on the surrounding matrix prior to full
ensification [44–46]. This results in debonding between the quartz
rains and the matrix generating a decrease in mechanical strength.
laser granular distribution undertaken on the fraction <62.5 �m

s
1
r

p

sediment-amended bricks.

f TS (Fig. 11) showed that the volume of particles with a diameter
30 �m was equal to 50%, while in sand 1 the silt fraction was equal
o 7%.

.4. Permeability test

This test is not required for the qualification of bricks. Nev-
rtheless, permeability is an important factor of durability. High
ermeability facilitates the ingress of water into pore structure and
ccelerates the deterioration of the brick due to repeated freeze and
haw cycles. The test sample was placed in a cell and was subjected
o a confining pressure of 6 MPa. Then a liquid (distilled water) was
njected with a constant pressure of 1.5 MPa using a pump. The flow
ate of the injected fluid was measured and the permeability was
etermined using the Darcy’s law. The results are given in Table 9.

We can note that the BdN-standard bricks are more permeable
han the Factory Trial bricks. This is due to the presence of quartz
ith a particle size >30 �m which make the brick sample sus-

eptible to micro-cracks formation as a consequence of expansion
ccompanying quartz transformation (573 ◦C). Thus the quartz, as a
on-plastic material, decreases the plasticity, facilitates the defloc-
lation and increases the permeability of the brick. On the other
and there is a correlation between the compressive strength and
he permeability and porosity results, thus the higher permeability
f the BdN-standard bricks generates a decrease in its mechanical
trength.

.5. Freeze and thaw resistance

The frost resistance test was undertaken on 10 specimens of
ach mix-design. The BdN-standard Brick samples were subjected
o 25 cycles of freezing and thawing according to the procedure as
escribed in the French Standard [47], while the Factory Trial ones
ere first subjected to 25 cycles and then to another 25 cycles to
etermine their limit resistance. After the completion of the test,

pecimens were placed in open air for 24 h and then oven-dried at
05 ◦C, so that the specimen’s weight loss could be determined. The
esults are shown in Table 10.

We can observe that the average weight losses for all brick sam-
les are less than 1% (French Standard limit). In addition, neither
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Fig. 6. The nature of white spots and white g

racking, nor breakage occurred on all the specimens tested. Thus
e can conclude that all specimens have successfully passed the

est of qualification of bricks.
.6. Heavy metal leaching

Treated sediment contains significant amounts of heavy met-
ls. To evaluate the subsequent risk of their leaching out

3

t
p
t

on the surface of sediment-amended bricks.

f the final product, two different leaching tests were per-
ormed.
.6.1. French Standard
In masonry, the pH value of the run-off water is between neu-

ral and alkaline due to the presence of mortar. Thus the French
rocedure is expected to give a good simulation of these condi-
ions. Table 11 presents the average values of a leaching test carried
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Fig. 7. The presence of calcite in TS.
Fig. 8. Porosity values of sediment-amended and BdN-standard bricks.
Fig. 9. Water absorption values of sediment-amended and BdN-standard bricks.

Fig. 10. SEM photomicrographs of sediment-amended and BdN-standard brick samples fired at 1000 ◦C.
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Fig. 11. TS: particle size distribution in the part <62.5 �m.

ut according to the French Standard. Three different brick samples
f each mix-design were crushed, sieved <4 mm and then leached
ith distilled water.

The higher pH value obtained for sediment-amended bricks
8.9) may be explained by the transformation of calcite (CaCO3) into
ime (CaO) during the firing process. From Table 11 we can observe
hat the concentrations of the selected metal species (Cd, Cu, Ni, Pb,
n), for the two mix-designs, are below the regulatory limits. We
an also state that the quantities of metals leached out of the fired
odies are less than those of treated sediments, thus metals were
ither being immobilised within the glassy melt phase or converted
o low solubility metal oxides during the firing process. For Zn, val-
es of 0.053 and 0.177 mg/kg were obtained for BdN-standard and
ediment-amended bricks respectively. Nevertheless, these values
ere less than the regulated limit (4 mg/kg).

.6.2. TCLP-USEPA 1986
Leaching with acidic solution was performed to simulate the

eaching process that could be induced by acid rain when bricks are
tored unsheltered or used in pedestrian walkways. Table 12 gives
he average values of TCLP test undertaken on three different bricks
f each mix-design. As shown in Table 12, metal concentrations for
he two mix-designs are higher than those obtained by the French
rocedure (pH 8.9), but they are still far below the regulated TCLP

imits. We can also observe, as for the French Standard test, that
he quantities of metal leached out of the fired bodies are less than
hose of treated sediments, confirming that the firing process led
o better stabilization of heavy metals. For Zn, values of 3.7 and
.3 mg/kg were obtained for sediment-amended and BdN-standard
ricks respectively. These values are largely inside the TCLP limit,
hich is equal to 25 mg/kg. The results in Tables 11 and 12 indicate

hat sediment-amended brick can be considered as non-hazardous
aterial.
. Conclusion

This industrial experiment demonstrates the practical incorpo-
ation of treated river sediments into brick production as a suitable
lternative to their current disposal paths. Treated sediments were

[

[
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ntroduced into the brick-manufacturing process as a replacement
f sand 1 (quartz sand) with a substitution ratio of 15%. This
aterial was introduced without any alteration of the existing pro-

ess lines. Approximately 15,000 of sediment-amended perforated
ricks (6 cm × 22 cm × 22 cm) were produced. The produced bricks
ere subjected to several qualification tests (compressive strength,

reeze and thaw resistance, water absorption). The results obtained
ave demonstrated that sediment-amended bricks meet the “clay
ricks” specifications and environmental requirements given by the
xisting standards. The substitution of sand by treated sediments
esulted in a compressive strength increase of 63%, a decrease in
orosity of 10%, a decrease in water absorption coefficient of 13%
nd an increase in firing shrinkage of 40%. Moreover, leaching tests
ndertaken on sediment-amended bricks showed that the concen-
rations of heavy metals in the leachates were largely inside the
egulatory limits thus, sediment-amended bricks can be regarded
s non-hazardous material. White spots and grains were observed
n the surface of sediment-amended bricks. This is linked to the
resence of calcite with a particle size >1 mm in treated sediments.
he presence of these spots does not affect the mechanical proper-
ies of produced bricks. We currently work on the introduction of

ore important percentages of treated sediments into brick pro-
uction which will improve the valorization path environmentally
nd economically.
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