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Abstract: The study analyses the possible valorisation of lake sediments for sustainable mortar,
in accordance with the principles of the circular economy, to obtain a sustainable material, since
reuse occurs without any kind of preliminary treatment and preserves the consumption of virgin
raw materials in the mix design. Moreover, it reduces the amount of water to be used in the mix
since part of it is already contained in the sediments. The research was performed on sediments
dredged from two artificial reservoirs, Camastra and San Giuliano, located in Basilicata, a region in
southern Italy. Cement mortar was prepared by completely replacing, at different quantities, the fine
aggregate and, for some of it, partially replacing, at a constant quantity, part of the binder. Workability,
mechanical strength, and density were measured, as well as the possible release of contaminants. The
investigations made it possible to assess the influence of replacing aggregate with sediment on mortar
performance, showing that San Giuliano sediment produces mortar with great workability (~140%),
comparable to that of normalised mortar. Similarly, the mechanical strengths of some specimens
(SG_s1 and SG_s2) were approximately 60 MPa and 52 MPa, respectively (about 15% higher than
that of normalised mortar). On the contrary, for the mortar prepared with the Camastra sediments,
both workability and mechanical strength were ~50% lower than normalised mortar. Furthermore,
the leaching test did not reveal contaminant release.

Keywords: sediment valorisation; reservoir sediments; cement mortar; rheology; mechanical strength

1. Introduction

The damming of watercourses leads to the interception and subsequent deposition of
transported solid particles, resulting from the phenomenon of bank and bottom erosion,
due to the reduced kinetic energy of the water current [1–6]. This dynamic results in the
accumulation of millions of cubic meters of sediment within the reservoir, generating a
dead volume that reduces the available water storage capacity and makes the reservoir
capacity non-renewable [7–11]. The need to dredge the accumulated sediment, however,
is at odds with effective sediment management, partly due to the introduction of various
regulations that have complicated the usual practices of dumping at sea or depositing it on
land without a comprehensive characterisation plan [12].

Dredging activities, in fact, have a high environmental and economic cost, also by
virtue of the handling, transport, and possible treatment procedures and the possible final
destination of the sediments, currently represented by the landfill [13]. These activities
generate large quantities of sediments, characterised by a high-water content, great com-
pressibility due to the organic matter content and the presence of salts and contaminants
(especially sulphur, iron, and soluble manganese compounds), which can be extremely
toxic to plants and cause a significant environmental impact [14,15]. For this purpose, the
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identification of environmentally friendly alternatives is the subject of much research being
conducted in Europe, aimed at diverting these materials from disposal, using treatments to
improve the characteristics of dredged sediments [16].

Thus, it becomes a priority to invest in the valorisation of sediments to be transformed
into a profitable local resource, with a view to the core principles of the circular economy,
to reduce environmental, economic, and social impacts [17–20]. The possibility of reusing
sediments has been discussed for some time, with several proposals all aiming to identify
reuses that are valuable alternatives to disposal. In this regard, the results of various
studies conducted on the characterisation of sediments, taken from different parts of the
world, showed that they are suitable for replacing part or all the aggregates in concrete
mixes [21–25]. In addition, this reuse proposal not only produces environmental benefits
related to the non-disposal of large volumes of dredged sediment, but also reduces the high
consumption of non-renewable resources and CO2 emissions related to the production of
cement mixes. It is estimated that for every tonne of Portland cement produced, approxi-
mately 1 tonne of carbon dioxide is created, so intervening in the building industry is of
considerable interest in combating global warming [26].

Numerous research studies have been conducted on the reuse of sediments in mortar,
primarily focusing on the reuse of treated sediments. In the examined studies, dredged
materials were dewatered in the laboratory by using energy-intensive oven or air drying
to dry the small volumes of sediment. Also, the processes they propose are often char-
acterised by increasing costs due to the incorporation of additives (special cement, lime,
geopolymers. . .), so that sediment-based mortar obtained from these studies is not such a
sustainable material [27–33]. In any case, treatments to which sediments are submitted suc-
cessfully transform them into secondary raw materials suitable for reuse in the fabrication
of a wide range of materials, such as ceramics, supplementary cementitious materials, fill
materials, paving blocks, partition blocks, ready-mixed concrete, and foamed concrete [34].

This research presents the results of activities on sediment samples from two southern
Italian reservoirs, Camastra and San Giuliano, with a view to assessing the possibility of
reusing them in cement matrices. Based on the results of the granulometric characterisation,
it emerged that the upstream areas of the reservoirs present a sediment in which the clay
component prevails, in contrast to the downstream areas, which are mostly characterised
by a sandy component. Therefore, it was decided to label the sediment of the upstream
areas the characteristics of a clayey material; instead, the sediment of the downstream areas
was assumed to be sandy material. Starting from this assumption, various types of mortar
were proposed, in which the aggregate was completely replaced by sandy valley material
in varying quantities, and, in others, clay material was also used, in constant quantities, in
place of a part of the binder. The sediments used were not pre-treated, but were reused as
they were, providing not only an environmental benefit, but also economic sustainability.
The proposed types of mortar were subjected to various tests, the results of which were
compared with each other, to be able to make evaluations and understand the possibilities
of using these materials in the building industry [35].

2. Materials and Methods

The cement mortar was prepared with the sediments sampled from the Camastra and
San Giuliano reservoirs and characterised by complete substitution, at different quantities,
of the fine aggregate and, for some of them, also by partial substitution, at a constant
quantity, of part of the hydraulic binder. Sampling stations are shown in Figure 1a,b.

Sediments dredged from both reservoirs, depicted in Figure 2, were grouped depend-
ing on their origin from upstream or downstream areas. These groups were named C_D
(Camastra downstream), C_U (Camastra upstream), SG_D (San Giuliano downstream),
and SG_U (San Giuliano upstream).
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Figure 1. Map of the sampling sites for the reservoirs: (a) San Giuliano and (b) Camastra. 
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Figure 2. Sampled sediments collected downstream at the Camastra reservoir (a), upstream at the 
Camastra reservoir (b), downstream at the San Giuliano reservoir (c), and upstream at the San Giu-
liano reservoir (d). 
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Normandy, in order to determine their physiochemical characteristics, the concentration 
of heavy metals in them, and their chemical properties, according to the French standard 
NF EN ISO 11885, 2009. The results of these investigations are presented in Tables 1–3, 
respectively. 
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Carbonates Avg. carbonates (%) 24 22 61 31 NF P94-048, 1996 

Table 2. Heavy metal concentration (mg/kg) of dredged sediment (limit of concentration from col-
umns A and B, Table 1, Annex 5, Part Four, Title V, Italian Decree Law 152/06). 

Samples Al As Ba Ca Cl Cr Cu Fe K 
C_D 32,030.25 2.03 364.52 110,692.96 274.69 72.71 16.34 38,366.22 14,809.81 
C_U 28,065.59 3.28 429.89 102,717.48 326.55 88.22 15.20 40,420.24 13,756.33 

SG_D 18,796.98 16.06 326.51 260,317.48 354.59 60.28 12.03 34,483.53 11,154.63 
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Samples Mg Mn Ni P Pb Rb S Si Sn 
C_D 2578.65 1115.77 38.72 448.46 17.93 70.30 185.32 146,632.81 19.55 
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Figure 2. Sampled sediments collected downstream at the Camastra reservoir (a), upstream at the
Camastra reservoir (b), downstream at the San Giuliano reservoir (c), and upstream at the San
Giuliano reservoir (d).

The upstream and downstream samples from both the Camastra and San Giuliano
reservoirs were then delivered to the M2C laboratory located near the University of Caen
Normandy, in order to determine their physiochemical characteristics, the concentra-
tion of heavy metals in them, and their chemical properties, according to the French
standard NF EN ISO 11885, 2009. The results of these investigations are presented in
Tables 1–3, respectively.

Table 1. Physiochemical characteristics of dredged sediments.

Characteristics Symbols C_D C_U SG_D SG_U Standard

Organic matter content Avg. OM (%) 5.02 5.42 7.45 11.42 NF XP P94-047, 1998
Carbonates Avg. carbonates (%) 24 22 61 31 NF P94-048, 1996

Table 2. Heavy metal concentration (mg/kg) of dredged sediment (limit of concentration from
columns A and B, Table 1, Annex 5, Part Four, Title V, Italian Decree Law 152/06).

Samples Al As Ba Ca Cl Cr Cu Fe K

C_D 32,030.25 2.03 364.52 110,692.96 274.69 72.71 16.34 38,366.22 14,809.81
C_U 28,065.59 3.28 429.89 102,717.48 326.55 88.22 15.20 40,420.24 13,756.33

SG_D 18,796.98 16.06 326.51 260,317.48 354.59 60.28 12.03 34,483.53 11,154.63
SG_U 23,845.55 27.68 302.51 136,831.67 366.71 71.50 8.27 37,745.68 13,992.93

Limit column A - 20 - - - 150 120 - -
Limit column B - 50 - - - 800 600 - -

Samples Mg Mn Ni P Pb Rb S Si Sn

C_D 2578.65 1115.77 38.72 448.46 17.93 70.30 185.32 146,632.81 19.55
C_U 2983.29 1310.72 57.61 387.70 15.66 74.92 756.17 127,089.29 18.63

SG_D 4099.05 280.72 44.85 471.87 15.75 42.91 793.37 87,599.85 25.81
SG_U 5057.22 531.60 58.51 445.31 19.34 65.82 939.26 125,385.88 11.53



Environments 2023, 10, 149 5 of 23

Table 2. Cont.

Samples Mg Mn Ni P Pb Rb S Si Sn

Limit column A - - 120 - 100 - - - -
Limit column B - - 500 - 1000 - - - -

Samples Sr Th Ti V Y Zn Zr

C_D 308.35 6.95 3124.82 72.27 18.19 86.16 117.88
C_U 277.89 6.97 3655.36 92.17 16.98 91.86 115.18

SG_D 543.98 4.15 1729.11 57.59 8.37 53.29 54.40
SG_U 358.03 4.77 2412.96 67.90 10.49 55.12 117.31

Limit column A - - 90 150
Limit column B - - 250 1500

Table 3. Chemical properties of dredged sediments (oxide percentage).

Samples Al2O3 As2O3 BaO CaO Cr2O3 CuO Fe2O3 K2O MgO MnO

C_D 6.05 0.0003 0.041 15.49 0.011 0.0021 5.49 1.78 0.43 0.14
C_U 5.30 0.0004 0.048 14.37 0.013 0.0019 5.79 1.66 0.50 0.17

SG_D 3.55 0.0021 0.037 36.42 0.009 0.0015 4.93 1.34 0.68 0.04
SG_U 4.51 0.0037 0.034 19.15 0.011 0.0010 5.40 1.69 0.84 0.07

Samples NiO P2O5 PbO Rb2O SO3 SiO2 SnO2 SrO ThO2 TiO2

C_D 0.005 0.103 0.0019 0.0077 0.046 31.37 0.0025 0.036 0.0008 0.52
C_U 0.007 0.089 0.0017 0.0082 0.189 27.19 0.0024 0.033 0.0008 0.61

SG_D 0.006 0.108 0.0017 0.0047 0.198 18.74 0.0033 0.064 0.0005 0.29
SG_U 0.008 0.102 0.0021 0.0072 0.235 26.82 0.0015 0.042 0.0005 0.40

Samples V2O5 Y2O3 ZnO ZrO2

C_D 0.013 0.0023 0.011 0.0159
C_U 0.017 0.0022 0.011 0.0156

SG_D 0.010 0.0011 0.007 0.0074
SG_U 0.012 0.0013 0.007 0.0158

Due to a similar particle size distribution, the material from the sampling points in
the upstream areas was mixed to obtain samples used for the preparation of the mortar
as a partial replacement of the binder; similarly, the material located at the stations in
the downstream areas was combined to totally replace the sandy aggregate and be used
as sandy material. Figure 3 shows the grain size distribution of the sediments, divided
between those collected in the upstream area and those sampled in the downstream part
of the two investigated reservoirs, related to that of the normalised sand. The diagram
highlights that the upstream sediment of both reservoirs has a predominantly clayey matrix,
while the downstream material has a markedly sandy composition, approximately 53%
for the San Giuliano sediment and 45% for the Camastra sediment. In addition, when
comparing with normalised sand, it can be seen that the latter is well graded, as opposed
to the sediments in both reservoirs, which are poorly graded because they cross multiple
particle size fractions.

Cement CEM II A-LL 42.5 R (Buzzi Unicem, Barletta, Italy) was used as a binder [36].
Normalised sand (~1700 kg/m3, 0.08–2 mm, Société Nouvelle du Littoral, Leucate,

France) was used to prepare the control mortar [37].
The sediment from the two reservoirs was subjected to moisture content determination

to identify the correct water proportion in relation to cement. Accordingly, 50 g of sediment
of the two types was placed in the oven at 50 ◦C for each of the two lakes to make the
procedure suitable for implementation in a production process.
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Figure 3. Particle size distribution of the sampled sediments collected upstream (U) and downstream
(D) at the reservoirs (SG stands for “San Giuliano” reservoir, while C stands for “Camastra” reservoir,
and NS stands for “normalised sand”).

The mortar was prepared with sediments extracted from the two lakes, varying the
amount of aggregate (sandy material: C_s1, C_s2, C_s3, C_s5, SG_s1, SG_s2, SG_s3, SG_s4,
and SG_s5 samples, where C and SG are used for Camastra and San Giuliano lakes,
respectively, and s for sandy material). In the other mortar, there was also the addition
of clay as partial replacement of the binder (sandy and clayey material: C_s1&c, C_s2&c,
C_s3&c, C_s5&c, C_s6&c, SG_s3&c, SG_s4&c, SG_s5&c, SG_s6&c, and SG_s7&c samples,
where C and SG for Camastra and San Giuliano reservoirs, respectively, and s&c for sandy
and clayey materials). Tables 4 and 5 show the samples, prepared with one part by mass of
cement and half part of water, according to the European Standard [37] and using the same
water/cement ratio of 0.50 as the normalised mortar, which constitutes the control sample,
prepared with three parts by mass of normalised sand.

Table 4. Composition, density, and porosity of the mortar with Camastra reservoir sediments.

Specimen Cement [g] Water [g] Sand [g] Clay [g] Density [kg/m3]

normalised mortar 450 225 1350 0 2009

C_s1 450 225 400 * 0 1703

C_s2 450 225 325 * 0 1683

C_s3 450 225 250 * 0 1631

C_s5 450 225 175 * 0 1575

C_s1&c 350 225 400 * 100 ** 1683

C_s2&c 350 225 325 * 100 ** 1599

C_s3&c 350 225 250 * 100 ** 1603

C_s5&c 350 225 175 * 100 ** 1533

C_s6&c 350 225 100 * 100 ** 1511

Note: * material with a predominantly sandy matrix (2000 µm > Ø > 63 µm); ** material with a predominantly
clayey matrix (Ø < 2 µm).
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Table 5. Composition, density, and porosity of the mortar with San Giuliano reservoir sediments.

Specimen Cement [g] Water [g] Sand [g] Clay [g] Density [kg/m3]

normalised mortar 450 225 1350 0 2009

SG_s1 450 225 550 * 0 1915

SG_s2 450 225 475 * 0 1864

SG_s3 450 225 400 * 0 1810

SG_s4 450 225 325 * 0 1754

SG_s5 450 225 250 * 0 1697

SG_s3&c 350 225 400 * 100 ** 1786

SG_s4&c 350 225 325 * 100 ** 1724

SG_s5&c 350 225 250 * 100 ** 1662

SG_s6&c 350 225 175 * 100 ** 1602

SG_s7&c 350 225 100 * 100 ** 1548

Note: * material with a predominantly sandy matrix (2000 µm > Ø > 63 µm); ** material with a predominantly
clayey matrix (Ø < 2 µm).

Sand and cement in the mortar were substituted by sandy and clayey materials,
respectively, according to mass proportions. Starting from the composition of the mortar
prepared with the sediments sampled at the two reservoirs, the percentage of sandy material
(aggregate ratio α) contained in them, relative to the sum of the masses of the specimen
elements, was determined according to Equations (1) and (2). Equation (2) was used for
the test specimens in which part of the binder was replaced with upstream clay material.

α =
sm

c + sm + w
(1)

α =
sm

c + sm + cm + w
(2)

where sm is the mass of the sandy material, c is the mass of the cement, cm is the mass of
the clayey material, and w is the mass of the water.

The consistency of the cement composites in the fresh state was determined through
the flow test [38] for the 19 specimens and the normalised mortar. The percentage increase
in diameter was determined using Equation (3):

flow = [(Dm − D)/D] × 100 (3)

where Dm is the mean flowing diameter over two orthogonal diameters, and D is the base
diameter of the truncated cone ring.

For mechanical strength determination, prismatic specimens of dimensions
40 mm × 40 mm × 160 mm were prepared. After 28 days of air curing at ambient tem-
perature, the 19 specimens and the normalised mortar were subjected to flexural and
compressive tests (MATEST, Milan, Italy) at a rate of load increase of 50 ± 10 N/s and
2400 ± 200 N/s, respectively until failure [38].

The arrangement and grain size of the aggregates in the composites were investigated
with a Premier series dyno-lite portable optical microscope, for the 19 specimens and the
normalised mortar.

In addition, scanning electron microscopy made it possible to observe the microstruc-
ture of the composites [39]. For this purpose, JEOL’s JSM-IT100 (Croissy-sur-Seine, France)
series SEM was used for two specimens and the normalised mortar (manufacturer: JEOL;
city and country: Croissy-sur-Seine, France).
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To analyse the possible contaminant release, a leaching test was carried out, according
to the standards in Table 6, for each of the parameters investigated, with reference to four
specimens (one with only sandy material from the San Giuliano reservoir, one with sandy
and clay material from the San Giuliano reservoir, one with only sandy material from the
Camastra reservoir, and one with sandy and clay material from the Camastra reservoir).

Table 6. Standards used for contaminant-leaching test.

Parameters Standards

Nitrates UNI EN 12457-2:2004 + APAT CNR IRSA 4020 Man 29 2003

Fluorides UNI EN 12457-2:2004 + APAT CNR IRSA 4020 Man 29 2003

Sulphates UNI EN 12457-2:2004 + APAT CNR IRSA 4020 Man 29 2003

Chlorides UNI EN 12457-2:2004 + APAT CNR IRSA 4020 Man 29 2003

Antimony UNI EN 12457-2:2004 + UNI EN ISO 11885:2009

Arsenic UNI EN 12457-2:2004 + UNI EN ISO 11885:2009

Barium UNI EN 12457-2:2004 + UNI EN ISO 11885:2009

Beryllium UNI EN 12457-2:2004 + UNI EN ISO 11885:2009

Cadmium UNI EN 12457-2:2004 + UNI EN ISO 11885:2009

Total cyanides UNI EN 12457-2:2004 + MU 2251:2008

Cobalt UNI EN 12457-2:2004 + UNI EN ISO 11885:2009

Chromium UNI EN 12457-2:2004 + UNI EN ISO 11885:2009

Mercury UNI EN 12457-2:2004 + EPA 200.7 Rev 4.4

Molybdenum UNI EN 12457-2:2004 + UNI EN ISO 11885:2009

Nickel UNI EN 12457-2:2004 + UNI EN ISO 11885:2009

Lead UNI EN 12457-2:2004 + UNI EN ISO 11885:2009

Copper UNI EN 12457-2:2004 + UNI EN ISO 11885:2009

Selenium UNI EN 12457-2:2004 + UNI EN ISO 11885:2009

Vanadium UNI EN 12457-2:2004 + UNI EN ISO 11885:2009

Zinc UNI EN 12457-2:2004 + UNI EN ISO 11885:2009

Dissolved organic carbon (DOC) by calculation UNI EN 12457-2:2004 + UNI EN 1484:1999

Chemical oxygen demand (COD) UNI EN 12457-2:2004 + ISO 15705:2002

pH UNI EN 12457-2:2004 + APAT CNR IRSA 2060 Man 29 2003

Phenol index UNI EN 12457-2:2004 + ISO 6439:1990

Specific electric conductivity UNI EN 12457-2:2004 + APAT CNR IRSA 2030 Man 29 2003

3. Results

This section provides a concise and precise description of the experimental results,
their interpretation and the experimental conclusions that can be drawn.

3.1. Data Focus

Table 1 highlights that the organic matter in the upstream areas is greater than that
in the downstream, approximately 10% in the case of the Camastra and about 50% for the
San Giuliano reservoir. Overall, the presence of organic matter is almost marginal within
the dredged sediment, whatever the origin area, supporting the hypothesis of reuse in
the mortar mix design. This is because the presence of significant organic matter is an
undesirable component in a construction material, as it can cause problems in cement
hydration and disturb its behaviour as a binder [16].
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Table 2 reports the analyses carried out to detect the concentration of heavy metals in
sediments, compared with the Italian regulatory reference (columns A and B, Table 1, Al-
Annex 5, Part Four, Title V, Decree Law 152/06). The values obtained then showed that the
sediments contain low concentrations of chromium (Cr), copper (Cu), nickel (Ni), lead (Pb),
and zinc (Zn). On the contrary, slight excess quantities were recorded for arsenic (As) in the
upstream sediments of the San Giuliano reservoir and for vanadium (V) in the upstream
sediments of the Camastra reservoir. Those exceeding the threshold, however, refer only to
the limit imposed by column A, while in relation to column B of the Italian Decree Law, the
concentration of heavy metals in sediments is always well below the threshold. In general,
components found in the XRF are mainly those linked to minerals of clay and sand (Si, Al,
Fe), as highlighted by Weaver and Pollard [40].

Table 3 shows the chemical properties of the investigated sediments. The oxides,
except for aluminium, iron, and potassium, all have concentrations below unity, indicating
a low content of these in the sediment. The main oxides (Al2O3, SiO2 and Fe2O3) contained
in sediments come from the particles of which they are composed, such as sands and
clays [40]. The average percentages are 4.85%, 5.4%, and 26%, respectively, for the oxides
Al2O3, SiO2, and Fe2O3, but the presence of calcium oxide CaO with an average rate of
21.3% is interesting in terms of cement reactions. The CaO percentage for the San Giuliano
sediment is much higher, varying from 19.1% (upstream) to 36.4% (downstream), which is
related to the strengths obtained.

Tables 4 and 5 show the data concerning the composition of the mortar produced
and analysed, distinguishing between that obtained with sediments from the Camastra
reservoir and that prepared with sediments taken from the San Giuliano reservoir.

With the same composition, the mortar made with the San Giuliano sediments was
denser than that prepared with the Camastra sediments. With similar reasoning, it was
found that, within the same reservoir, the substitution of part of the binder with the
upstream clay material resulted in a slight reduction in weight per unit volume, with the
same sand content.

However, comparing all density data with the reference, the values obtained by
replacing the aggregate with the downstream sediment (assumed to be sand) were lower
for all types of mortar. The difference in density is more pronounced when using sediment
from the Camastra reservoir than when using sediment from the San Giuliano reservoir.

3.2. Workability Tests

The flow test was intended to verify the deformation behaviour of the proposed mortar
using the flow table (Figure 4). The flow values of the tested samples (Equation (3)) were
then compared to those obtained for the normalised mortar (Equation (4)).

∆flow = [(flowspecimen − flownormalised mortar)/flownormalised mortar] × 100 (4)

The consistency of the mortar was variable depending on its composition. In some
cases, optimal flow was witnessed; instead, for other specimens where the application of
the shakes had no noticeable effect, the specimens did not show significant flow. Figure 5
shows the comparison of flow trends for mortar obtained by replacing the aggregate with
downstream sand, i.e., sandy material. Figure 6 shows the same comparison, in particular
mortar that was also obtained by partially replacing the binder with upstream clayey
material. For both graphs, a better flow is shown for the specimens made with the sediment
from the San Giuliano reservoir, on the contrary, the mortar made with the sediments
from the Camastra reservoir was less fluid. In addition, it can also be seen that, for both
reservoirs, as the aggregate content (sand) increased, the flow tended to decrease, and the
material was drier and stiffer. In comparison to normalised mortar, on the other hand, a
better workability was found for the mixes prepared with sediment from the San Giuliano
reservoir, which, at lower percentages of aggregate, were more fluid, with values close to
140% when 250 g of sand was used. On the contrary, mortar prepared with the sediment
of the Camastra reservoir showed flow values always lower than the normalised mortar,
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fluctuating between 10% and 85% only if the aggregate was replaced and even lower if
even part of the binder was replaced with the upstream clay material [41].
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minimum acceptable sand content define the optimal range of workability, identified after the
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The ∆flow bar charts (Figures 7 and 8) show the relationship between the flow of
the proposed mixes and that of the normalised mortar. Furthermore, they also represent
the comparison between the samples made with sediments from the two investigated
reservoirs. Again, it is evident that the mortar made with the Camastra reservoir sediments
shows a reduction in fluidity compared to the normalised mortar, ranging from around 5%
in sample C_s5 to around 100% in samples C_s1&c and C_s2&c. Conversely, the mortar
made with the sediments of the San Giuliano reservoir has, in some cases, a higher flow
than the normalised mortar (SG_s3, SG_s4, SG_s5 and SG_s7&c), which was higher where
the amount of sand used was lower. In other cases, there is less flow than the normalised
mortar, varying between approx. 5% of specimen SG_s6&c and 80% of specimen SG_s3&c.
In any case, the flow deviates more in the case of conglomerates made from the sediments
of the Camastra reservoir, and, within the same reservoir, the deviation from normalised
mortar was greater by replacing part of the binder with clay, increasing as the amount of
sandy material used increased.
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3.3. Mechanical Strength Performance

Figure 9 shows the specimens broken after failure during the application of a flexural
load. The specimens break cleanly, resulting in a fragile fracture, due to the limit strength
of the aggregates being reached, which is characterised by a lower mechanical strength
than that which develops at the cement–aggregate interface. Also, the strength reduction
occurs because of the presence of clay particles enveloping the aggregates and decreasing
the binding.
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On the contrary, if mortar is produced with sediments coming from the San Giuliano 
reservoir, the mechanical strength values are clearly higher (even twice as high as those 
obtained for the Camastra, at the same sandy material amount), with a tendency to de-
crease when replacing part of the binder with clayey material (see Figure 11). Test speci-
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Figure 9. Flexural failure in (a) normalised mortar; (b) C_s1; (c) SG_s3.

In comparison with normalised mortar, on the other hand, there are no differences in
the mode and type of failure, indicating similar mechanical behaviour.

Subsequently, a compressive load was applied to the two semi-prisms obtained from
the flexural tests, determining the limit load, beyond which the specimen reaches failure.
The values were then represented in two diagrams (Figures 9 and 10) showing the com-
pressive strengths Rc in MPa (on Y-axis) for each specimen compared with the normalised
mortar. The plots clearly show a substantial difference in mechanical strengths where the
Camastra sediments were used instead of the San Giuliano sediments. In the former case,
the compressive strength was lower than in the latter.
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Furthermore, mortar made with Camastra reservoir sediments exhibited compressive
strength Rc values that were approximately half that of normalised mortar and, in any case,
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all below 30 MPa (see Figure 10). It is observed, however, that the specimen C_s6&c, pre-
pared with the least amount of sandy material and substituting the upstream clay material
for part of the binder, displays the highest compressive strength (29 MPa). Specimens made
with only sandy material substituting show approximately the same compressive strength
of 27 MPa, while those where a part of cement was replaced by clayey material have a
compressive strength closer to 20 MPa (except specimen C_s6&c previously mentioned),
about 25% less.

On the contrary, if mortar is produced with sediments coming from the San Giuliano
reservoir, the mechanical strength values are clearly higher (even twice as high as those
obtained for the Camastra, at the same sandy material amount), with a tendency to decrease
when replacing part of the binder with clayey material (see Figure 11). Test specimens
SG_s1 (550 g of aggregate) and SG_s2 (475 g of sandy material) exhibit a compressive
strength (60 MPa and 52 MPa, respectively) that was on average 15% higher than that of
the normalised mortar (48 MPa), while the types of mortar named SG_s3 (400 g of sandy
material), SG_s4 (325 g of sandy material), and SG_s5 (250 g of sandy material) show lower
values of 46 MPa, 41 MPa, and 41 MPa, respectively. Specimens made by replacing a part
of the binder show a compressive strength of about 20 MPa, which is 50% less than those
obtained by replacing only the sandy material. According to the observations of Roziere
et al. [42], also in this case the average compressive strength of sediment-based specimens
is comparable to that of the reference conglomerate.
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The difference in mechanical strength found between normalised mortar and those
prepared with dredged sediment may also be the result of the different grain size com-
position of the aggregates composing them. In fact, where the normalised sand is well
graded, the sandy material used to replace it is characterised by the presence of silt and
clay fractions (higher for the Camastra and lower for the San Giuliano), which affect the
failure behaviour of the specimens.

Figure 12 shows the relation between the compressive strength of the proposed types
of mortar and their density. Data of the mortar prepared with the San Giuliano sediments
are approximated by an exponential-type curve (continuous orange line), while data of the
mortar prepared with the Camastra sediments are better approximated by a linear function
(dashed green line).

Trends are significantly different from those containing sediments from the Camastra
reservoir. For the latter, there is a reduction in compressive strength as the density increases,
i.e., as the aggregate quantity increases, the compressive strength tends to decrease by
about 30%. This result is similar to previous studies [28,43] on marine sediments. The
studies demonstrate that mechanical strengths (including flexural strength) decrease as the
amount of sediment used to replace normalised sand increases, with a tendentially linear
decreasing trend. On the contrary, when mortar was prepared with sediments from the San
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Giuliano reservoir, compressive strengths were higher as the density increased, although
there is a decrease in strength, with values between 15 MPa and 30 MPa, if a part of the
binder was replaced with the clay material from the upstream areas. In other words, if
the sediment of the San Giuliano reservoir is used, the higher content of sandy aggregate
(SG_S1, 550 g of aggregate) corresponds to the higher values of density (1950 kg/m3) and
compressive strength (60 MPa), while both parameters decrease if the upstream clayey
material is used, more significantly for compressive strength (about 33% less) and less
clearly for density (about 5% less).
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clearly for density (about 5% less). 
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Figure 13 represents the view of the fracture sections for the normalised mortar and 
for two specimens with the same sand aggregate content (400 g). A careful visual assess-
ment shows that, for the normalised mortar, the grains have a more regular shape, and 
the grain size spindle is more evident; in the C_s1 and SG_3 specimens, the sediment size 
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Figure 12. Comparison of compressive strength versus density.

It is relevant to observe the differences in the aggregate from both reservoirs, in terms
of shape and size, compared to normalised sand.

Figure 13 represents the view of the fracture sections for the normalised mortar and for
two specimens with the same sand aggregate content (400 g). A careful visual assessment
shows that, for the normalised mortar, the grains have a more regular shape, and the
grain size spindle is more evident; in the C_s1 and SG_3 specimens, the sediment size is
coarser, with a rough and angular shape. Moreover, a good distribution of the aggregate
was observed.
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3.4. Microstructural Analyses

Using an optical microscope, it was possible to examine the test specimens in de-
tail, both in their intact condition before the mechanical strength tests were carried out
(Figure 14a–f) and after breakage (Figure 15a–c).
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Figure 14. Optical microscopic detections of the side surface of mortar specimens based on sediments:
(a) C_s1; (b) SG_s1; (c) C_s2; (d) SG_s4; (e) C_s5; (f) SG_s5.
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Figure 14 represents, for each of the two reservoirs, the specimens at the upper limit of
workability ((a)—C_s1, (b)—SG_s1), in the intermediate situation ((c)—C_s2, (d)—SG_s4)
and at the lower limit of workability ((e)—C_s5, (f)—SG_s5).

The specimen surface tends to be more irregular, approaching the limits of workability
compared to specimens with a 250 g sand content (Figure 14c,d). Mortar prepared with
the San Giuliano reservoir sediment shows greater continuity and a smoother surface than
that obtained using the sediment sampled at Camastra. In the latter case, in fact, a greater
presence of voids is observed, which is even more significant, also in dimensional terms,
the greater the amount of sand used.

Figure 15 shows magnifications of the failure surfaces obtained using an optical micro-
scope. It is noticeable that the grains that form the failure surface of the mortar prepared
with sediment are different from that of the normalised mortar, both in terms of shape and
spatial distribution. In fact, the normalised mortar appears to be characterised by grains
with a more rounded shape than the mortar with the Camastra or San Giuliano sediments,
which are characterised by greater angularity of the sandy aggregate. In addition, while
the normalised mortar exhibits greater areal coverage by the sandy aggregate, with sub-
stantially larger size, the mortar prepared with the sediments is found to be characterised
by a lower concentration of coarse grain on the surface, where the grains are smaller in
size. Finally, operating the comparison between the mortar prepared with the sediments
from the two reservoirs denotes that specimen C_s1 has a lower concentration of sandy
aggregate on the failure surface, testifying to a more binder-like behaviour on the part of
the Camastra sediment than that taken at the San Giuliano reservoir.

Figure 16 shows images obtained with a scanning electron microscope (SEM). On a
microstructural level, there are no substantial differences in the comparison between the
normalised mortar and the mortar obtained using the sampled sediments. In the latter case,
it can be seen from the microscope images that the mortar is coarser-grained. In addition,
the normalised mortar has more rounded grains than that made from dredged sediment,
which has more angularity, as also highlighted previously. Microstructure observation
using scanning electron microscopy highlights details of the materials. It can be observed
that the specimens show a similar sand adhesion to the cement matrix, with no voids.
The photo of specimen C_s1 shows a greater presence of cementitious matrix and a lower
diffusion of sandy aggregate, in contrast to specimen SG_s3 for which a more balanced
distribution between sandy material and cementitious matrix results. This confirms the
output from the mechanical strength tests, which show a higher compressive strength
for the SG_s3 specimen compared to the C_s1 specimen (and to all those made with the
Camastra reservoir sediments) due to an increased presence of sandy material, responsible
for mechanical strengths, compared to the cementitious matrix. In addition, the contents of
Figure 16 confirm the GSD curves (Figure 3), i.e., a greater presence of clayey material for
the Camastra downstream sediments, which show a more binder-like behaviour, than for
the San Giuliano downstream sediments.
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sandy material, and CM stands for cement matrix).



Environments 2023, 10, 149 17 of 23

3.5. Contaminant Release

Sediments may be characterised by the presence of contaminants of organic and
inorganic natures, by virtue of the activities that take place within the reservoir (assumed
to be the closure section). Therefore, the possibility of their use in the preparation of mortar
suitable for use in the construction industry cannot be separated from the verification that
any leakage of pollutants from the mix is below the legal limit values. The outcome of
tests performed in this regard may limit the fraction of lake sediment to be used instead of
commonly used sand or in place of part of the binder, so that environmental compatibility is
always ensured. Tables 7 and 8 contain the results of the leaching test carried out for samples
C_s1, C_s1&c, SG_s5, and SG_s3&c. The specimens identified were chosen as having the
highest amount of aggregate within the workability range of each type of mortar proposed.
The highest amount of reused sediment constitutes the most unfavourable condition.

Table 7. Results of the contaminant leaching test for C_s1 and C_s1&c specimens.

Contaminant C_s1 C_s1&c Tab. Att. 3
D.M. 186/2006

Tab. 2 DL
121/2020

Tab. 5 DL
121/2020

Tab. 6 DL
121/2020

Nitrates 0.16 0.17 50 - - -

Fluorides <0.1 <0.1 1.5 1 15 50

Sulphates 22.4 16.5 250 100 5000 5000

Chlorides 2.81 4.20 100 80 2500 2500

Antimony <0.004 <0.004 - 0.006 0.07 0.5

Arsenic <0.004 <0.004 0.05 0.05 0.2 2.5

Barium 0.013 0.005 1 2 10 30

Beryllium <0.002 <0.002 0.01 - - -

Cadmium <0.002 <0.002 0.005 0.04 0.1 0.5

Total cyanides <0.01 <0.01 0.05 - - -

Cobalt <0.002 <0.002 0.25 - - -

Chrome 0.009 0.006 0.05 0.05 1 7

Mercury <0.001 <0.001 0.001 0.001 0.02 0.2

Molybdenum 0.006 0.011 - 0.05 1 3

Nickel <0.002 <0.002 0.01 0.04 1 4

Lead <0.002 <0.002 0.05 0.05 1 5

Copper 0.014 0.011 0.05 0.2 5 10

Selenium <0.002 <0.002 0.01 0.01 0.05 0.7

Vanadium <0.002 <0.002 0.25 - - -

Zinc <0.002 <0.002 3 0.4 5 20

Dissolved
organic carbon

(DOC)
10.4. 4.68 - 50 100 100

Chemical
oxygen demand

(COD)
28.6 <15 30 - - -

Phenol index <0.05 <0.05 - 0.1 - -

Note: data in mg/L; measurement uncertainty at a 5% probability level.
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Table 8. Results of the contaminant leaching test for SG_s5 and SG_s3&c specimens.

Contaminant SG_s5 SG_s3&c Tab. Att. 3
D.M. 186/2006

Tab. 2 DL
121/2020

Tab. 5 DL
121/2020

Tab. 6 DL
121/2020

Nitrates <0.1 <0.1 50 - - -

Fluorides <0.1 <0.1 1.5 1 15 50

Sulphates 18.7 30.5 250 100 5000 5000

Chlorides 1.74 3.58 100 80 2500 2500

Antimony <0.004 <0.004 - 0.006 0.07 0.5

Arsenic <0.004 <0.004 0.05 0.05 0.2 2.5

Barium 0.015 0.008 1 2 10 30

Beryllium <0.002 <0.002 0.01 - - -

Cadmium <0.002 <0.002 0.005 0.04 0.1 0.5

Total cyanides <0.01 <0.01 0.05 - - -

Cobalt <0.002 <0.002 0.25 - - -

Chrome 0.007 0.009 0.05 0.05 1 7

Mercury <0.001 <0.001 0.001 0.001 0.02 0.2

Molybdenum 0.023 0.029 - 0.05 1 3

Nickel <0.002 <0.002 0.01 0.04 1 4

Lead <0.002 <0.002 0.05 0.05 1 5

Copper 0.006 0.009 0.05 0.2 5 10

Selenium <0.002 <0.002 0.01 0.01 0.05 0.7

Vanadium <0.002 <0.002 0.25 - - -

Zinc <0.002 <0.002 3 0.4 5 20

Dissolved organic
carbon (DOC) 5.86 4.30 - 50 100 100

Chemical oxygen
demand (COD) 17.5 <15 30 - - -

Phenol index <0.05 <0.05 - 0.1 - -

Note: data in mg/L; measurement uncertainty at a 5% probability level.

Tables show that contaminants, for which the Italian regulations require testing for
possible release into the atmosphere, are all below the limits, even substantially so [44,45].
The values identified because of the performed tests are, in fact, always far below the
thresholds set by the regulations in question.

Consequently, as the four samples show no release of contaminants, the release of
mobile substances in the solid matrices will also be below the legal limits for all other
samples in which less sediment is reused.

4. Discussion

The tests performed allowed us to qualify the possibility of reusing the sediments
dredged from the San Giuliano and Camastra reservoirs to prepare cement mortar in which
a complete replacement of the aggregate and, in some cases, even a partial replacement
of the binder was proposed. To assess whether these proposed types of mortar could be
used instead of the commonly employed ones, a comparison was made with respect to
the reference, represented by the normalised mortar. In defining the composition of the
mixes, several tests were carried out, testing the different manufactured specimens, and
evaluating mainly the characteristics of workability, mechanical strength, and contaminant
release, which are the parameters that can fully characterise mortar.
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The workability of mortar is a key characteristic for laying it, a function of the cohesion
and adhesive power of the mixtures; a mortar type is considered workable if it can be laid
down to a thickness of a few millimetres. As evident in Figures 3 and 4, the range within
which the consistency of the cement mortar obtained can be considered acceptable, i.e., an
optimal range of workability, was identified in relation to the grain size characteristics of
each reservoir. Attempt mortar was prepared with greater and lesser aggregate quantities
than the identified workability limits, verifying that if the upper limit were to be exceeded,
an excessively dry and stiff mix would be obtained due to greater quantities of aggregate.
On the contrary, it also emerged that it is not convenient to go below the lower limit in
terms of the percentage of downstream aggregate, both because few sediments would be
reused (contrary to the aim of removing as much sediment as possible from the landfill),
and because excessive fluidity would be observed, with possible shrinkage phenomena.
Furthermore, in correspondence with the identified workability limits, microscope images
of hardened paste are shown in Figure 13, from which a loss of continuity is observed
as one moves towards the extremes of workability. However, although showing some
irregularities, the proposed types of mortar are all found to be reusable. The comparison
with the normalised mortar shows that the mortar prepared with the Camastra sediments
exhibits lower workability. In contrast, the mortar prepared with the San Giuliano sed-
iments exhibits better workability than the normalised mortar, as the amount of sandy
material used is reduced since the contribution of the aggregate is lessened.

Mechanical strength expresses the ability to handle applied stresses; mortar first reacts
linearly, which is followed by a cracking regime that leads to the deterioration of mechanical
properties as a result of excessive loading. Mechanical strength strongly depends on the
amount of aggregate from which the mix is composed and on the differences in the grain
size distribution of normalised mortar and that of the sediment from the San Giuliano and
Camastra reservoirs. The greater the sandy aggregate, the higher the mechanical strength;
on the contrary, there is a significant decrease in the strengths when partial replacement of
the binder with the clay material was carried out (with the same amount of sandy material),
as well as when the sandy material decreases. An analysis of the mechanical strengths
reveals that the Camastra sediments produce mortar with a lower capacity to resist bending
and compressive forces, i.e., the sediments were not suitable for use as aggregate. In fact,
even the mortar with the highest cement–sediment ratio does not stand out in terms of
compressive strength, but it is noticeable that all mixtures exhibit almost the same strength,
reflecting a reduced aggregate effect from the sediment and a more pronounced behaviour
as a binder. Of note is the specimen C_s6&c, characterised by the lowest amount of sandy
material and the highest binder–aggregate ratio, which exhibits higher mechanical strength
than the other specimens (with higher percentages of sandy material). This condition
is related to the lower content of sandy material, so that more of the binding properties
of the sediment are exhibited, and, due to more cohesion, higher compressive strength
is recorded.

The use of sediment from the San Giuliano reservoir, on the other hand, results in
mortar with higher mechanical strength values, which tends to decrease significantly when
100 g of cement was removed and replaced with the upstream, predominantly clayey,
material. This is determined by the nature of the sediment itself, which consists mostly of
aggregate, giving the mortar mechanical strength.

The release test allows for the estimation of the long-term potential emission of mobile
compounds, particularly those that could represent a possible source of pollution to the
environment or a hazard to human health. The test was carried out by placing the solid
sample inside a solution. The eluate produced was chemically analysed to assess the release
potential of the mobile substances contained in the initial sample. Specimen leaching tests
show that the mortar specimens exhibit a high degree of environmental compatibility,
due to a contaminant release in the atmosphere significantly lower than the limits set by
Italian regulations (DM 186/2006; DL 121/2020). As already highlighted in the research
works by Mesrar et al. and Bellara et al., respectively, for marine sediments in the port
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of Le Havre and for lake sediments in Algeria, the concentrations of heavy metals are in
many cases below the detectable thresholds of the measuring devices and, for the values
appreciable from the instruments adopted, not quantitatively relevant [46,47]. In addition,
the results obtained from the leaching test are also in agreement with the findings of XRF
spectrophotometry and depicted in Tables 2 and 3, where the amounts of contaminants in
the dredged sediments are low. Therefore, not only do the sediments as they are not exhibit
contaminant content above regulatory limits, but neither does the proposed mortar, based
on the dredged sediments, cause contaminant release into the atmosphere, positioning
themselves as environmentally friendly.

5. Conclusions

In order to examine the possibility of reusing the sediments from the two reservoirs in
southern Italy to make cement mortar, a series of laboratory tests were used to provide an
analytical set of data to guide the judgement on the validity of the proposed reuse [1,48].

The proposed types of mortar exhibited good workability if they had an amount of
aggregate contained within the identified limits, beyond which the mixtures were either not
very fluid and therefore unsuitable for use or excessively fluid, with the risk of shrinkage
phenomena. Flexural and compressive strengths were lower than those of the normalised
mortar, with a more noticeable reduction being observed where partial replacement of the
binder with the clay material was implemented. The results of the study make it possible to
hypothesize a reuse that does not perform structural functions, also in terms of the output
of the leaching tests. It emerges that the proposed mortar is environmentally compatible,
since the values recorded for the heavy metals analysed are always below the thresholds
set by current Italian legislation, taken as a reference.

Against this background, the proposed reuse of sediment is in line with the principles
of the circular economy, as it ensures a reduction in raw material consumption and the
recycling of a material that is currently labelled as waste. This helps to preserve non-
renewable natural resources and reduce the carbon footprint associated with the production
process of building mortar [49]. Therefore, the reuse is sustainable, because, firstly, the
dredged sediment is reused without any kind of treatment. Furthermore, the use of the
sediment as aggregate ensures that virgin raw materials are not depleted, and finally, the
reuse in mortar also allows for a reduction in the amount of water to be used in the mix,
due to the water content of the sediment, which already constitutes a part of the water
needed to prepare the mortar.

Nevertheless, scientific research should be expanded to identify conditions that also
allow applications with structural functions. In the latter case, the sandy material constitut-
ing the fine aggregate should undergo a preliminary on-site washing treatment to remove
the smaller parts. In fact, since the aggregate provides the conglomerate with mechani-
cal strength, the removal of the smaller particles (silt-clay) would lead to an increase in
mechanical strength, which would thus become comparable to that of traditional mortar,
opening the possibility of reuse with structural functions of these materials.
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