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ABSTRACT

The use of sediments as supplementary cementitious material is increasing, but very limited
information on their effect on durability are available. The aim of this study is to evaluate the
durability and transport properties of self-consolidating concrete (SCC) incorporating treated
marine sediments (TMS) dredged from Dunkirk harbor. Three SCC mixtures made with 0% (SCC-
R), 10% (SCC-1), and 20% (SCC-2) sediments as partial substitution of cement weight were
investigated. The mixture proportions were optimized to provide adequate self-consolidating
characteristics, including high filling and passing abilities, as well as adequate stability. The
optimized SCC mixtures exhibited comparable hardened and microstructural properties at 91 days
of age, including compressive strength of 66 £ 1 MPa, splitting tensile strength of 6 + 0.3 MPa, and
total porosity of 9 + 0.4 %. The obtained test results revealed that the incorporation of TMS reduced
the critical pore volume (< 20 nm) due to their pozzolanic reaction and filling ability. Despite this
reduction, increasing TMS content increased permeability and diffusion (e.g., carbonation). Indeed,

SCC-1 and SCC-2 showed higher sorptivity of 7.5% and 19.8%, respectively, than that of SCC-R
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(2.81 E? mm?/mm?s”). However, SCC-1 showed comparable durability performance to the
reference mixture, including chloride penetrability, electrical resistivity, drying shrinkage, external
sulfate attack, and alkali-silica. Meanwhile, the use of 20% TMS negatively influenced the chloride
penetrability, external sulfate attack, and carbonation velocity. This substitution rate can be

considered without mitigating durability of reinforced concrete in moderate exposure conditions.

Keywords: Blended cement; Dredged sediment; Durability; Self-consolidating concrete;

Supplementary cementitious materials; Transport properties.
1. INTRODUCTION

In compliance with the EN 206-1 specifications [1], concrete performance encompasses
mechanical properties and durability. The reported “Performance-based Approach” is based on
testing relevant durability indicators given predefined exposure classes, such as corrosion, chemical
attacks, and/or physical degradation [2]. Concrete durability is greatly related to its transport
properties, including permeability, sorptivity, and diffusion. These properties are governed by the
pore structure of the matrix and their connectivity. Durable concrete requires lower porosity and
permeability to limit penetration of aggressive ions due to diffusion and capillary absorption [3]
depending on the targeted exposure conditions. Durability improvement can be achieved by using
supplementary cementitious materials (SCMs). Indeed, the pozzolanic activity of SCMs consume
calcium-hydroxide (CH) produced during cement hydration to form additional calcium-silicate-
hydrate (C-S-H). This can lead to a dense microstructure, reduces the permeability of the hydrated
cement, thus lowering ingress of chlorides (reinforcement corrosion) [4] and carbon dioxide

(concrete carbonation) [5].

Partial replacement of cement with SCMs is an efficient way to reduce the demand for natural
resources and decrease the CO; footprint. SCMs contain a large amount of amorphous silica and
alumina, which can react with calcium hydroxide in hydrating cement to form additional hydration

products. Industrial by-products, including fly ash, ground blast furnace slag, and silica fume have
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been used as SCMs for many decades. In addition, various sub-products such as ceramic waste
powder [6], waste perlite powder [7], raw diatomite [8], natural zeolite [9], as well as
nanomaterials, i.e. silicon dioxide (Si0Oy), titanium oxide (TiOz), aluminum oxide (Al2O3), calcium
carbonate (CaCOQs), zirconium oxide (ZrO»), ferric oxide (Fe20O3), clay, and carbon nanotube
[10,11] have been used as SCMs. The use of SCMs is essential to increase the volume of paste and
enhance workability of self-consolidating concrete (SCC). However, the limited availability of
natural resources opens the way for searching viable source for SCM. Dredged sediments appeared
to be good alternative SCMs as they are available in huge quantities exceeding one-billion-meter

cube per year all over the world [12-14].

The pozzolanic potential of dredged sediments has been reported in literature [14—16]. However,
very limited studies have been carried out to evaluate their effect as SCMs on properties and
durability performances of SCC [17-19]. Rozas et al. [17] provided a guideline to assess the
performance of recycled dredged sediments from Spanish Mediterranean Harbor, which were used
as filler. Only one mixture was tested using 450 kg/m? of cement, 100 kg/m? of dredged sediments,
and a w/c ratio of 0.45. The investigated concrete exhibited compressive strength of 44 MPa, total
porosity average of 9.2%, electrical resistivity of 49 kQ.cm, chloride diffusion coefficient (Ds) of

1.12 E® cm?/s, and capillary absorption of 1.44 E* kg/m2.min'?

after 28 days of age. In accordance
with the durability indicators described in “Concrete design for a given structure service life” in the
Spanish Code on Structural Concrete (EHE-08), the authors claimed that sediments can be used as
fillers in SCC, although tests have been conducted on only one mixture. Roziere et al. [18] used
dredged sediments as total replacement of limestone filler for SCC production. Sediments were
collected from the Dampremy - Charleroi region in Belgium and treated using the Novosol® process
(phosphatation and calcination). In the case of a constant w/c ratio of 0.57, the sediments-based
SCC showed approximately 8% drop in slump flow, higher yield stress and plastic viscosity, as well

as workability loss. However, comparable compressive strength and density were found at different

ages. Nanoindentation measurements showed that the elastic modulus of hydrated cement pastes in
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the sediment-based SCC was 27 GPa (16% higher than the reference mixture). Bouhamou et al.
[19] investigated the influence of 10%, 15%, and 20% replacements of cement by calcined dam
mud sediments on the shrinkage of SCC. The sediments were dredged from the dam of Fergoug in
Algeria and treated at a temperature of 750 °C. The authors reported that the use of calcined mud
resulted in viscous and less workable SCC mixtures. Also, the sediments showed a negative effect
on strength, but the use of 10% sediments did not significantly affect the compressive strength (less
than 10% variation) compared to the control mixture. Moreover, lower autogenous and drying
shrinkage values were observed. Indeed, SCC containing 20% of sediments developed a total
drying shrinkage of 150 um/m after 90 days of exposure, which is 23% less than the control
mixture. This paper is part of a wide investigation on valorizing sediments from Dunkirk Port as

SCM in SCC mixtures.

2. RESEARCH SIGNIFICANCE

Previous investigations on pastes and mortars [20,21] revealed that dredged marine sediments
did not show negative effect on fresh properties when the water demand of sediment is taken into
account. Using a multi-objective optimization for workability properties and compressive strength
development at different ages, an optimal substitution content of 7% to 35% were reported in the

3 and water-to-cementitious materials

case of binder content ranging between 380 and 600 kg/m
(w/cm) of 0.32 and 0.34. Based on these findings, a scale-up study of these sediments has been
conducted to evaluate their effect of durability of SCC [22]. The investigated SCC mixtures were

proportioned with total binder content of 450 kg/m?, two different sediment’s contents of 10% and

20%.

The investigated SCC mixtures exhibited adequate self-consolidation characteristics with high
filling ability, high passing ability, and high stability resistance. Furthermore, the investigated SCC
mixtures showed similar compressive strength of 66 £ 1 MPa and a total porosity of 9% at 91 days
of age. This was attributed to the pozzolanic reaction of the sediments that contributed to refining

microstructure of the interfacial transition zone (ITZ). Nevertheless, durability study of those SCC
4
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mixtures was not established. This paper investigated the durability indicators and transport
properties, including capillary absorption, sorptivity, chloride penetrability, electrical resistivity,
drying shrinkage, external sulfate attack, alkali silica reaction, and accelerated carbonation of the
investigated SCC mixture containing dredged marine sediments provides useful information on the
use of TMS in SCC production, which goes along with the 3R concept, Reduce, Recycle, and

Reuse.
3. MATERIALS, MIXTURE PROPORTIONS, AND METHODOLOGY

3.1. Constituent materials

The investigated mixtures were proportioned using a ternary binder complying with the
ASTM C150 specifications [23]. The binder is composed of 70% General Use (GU) cement, 25%
Class F fly ash, and 5% of silica fume. It has a specific density of 2890 kg/m* and a BET surface
area of 2535 m%*kg. Two crushed coarse aggregates CA; (10/20 mm) and CA, (5/10 mm) were
used. The CA; and CA; have specific densities of 2.76 and 2.72 g/cm?, absorption rates of 0.48%
and 0.41%, and bulk densities of 1465 and 1444 kg/m3, respectively. A siliceous river sand with a
specific density of 2.66 g/cm?, an absorption rate of 1.09%, and a bulk density of 1785 kg/m? was

used.

The sediments were collected from the Dunkirk Harbor in France, dried in an oven at 60 °C,
and subsequently ground and sieved on 2-mm sieve. The sediments were heated at 800 °C for one
hour to eliminate water-content, organic matter, and chemically activate the raw sediments. After
the calcination process, the obtained product was sieved to meet a dso less than 45 um comparable
to that of cement. The density of the sediments increased from 2467 to 2704 kg/m? after one hour of
thermal treatment. The treated marine sediment (TMS) has a BET surface area of 3143 m%kg,
which is 24% higher than that of cement. Its chemical composition determined using XRF
spectrometry analysis revealed that it can be considered as pozzolan according to the ASTM C618

specifications [24]. It is composed of 72% silica, 9.7% calcium oxide, 5.3% ferrite oxide, and 3.8%
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aluminum oxide. In addition, its SO3 content is below 0.1%, which is considerably below the
maximum limit of 4%. The chemical composition of the sediments is similar to that of ground glass

powder reported in different studies [25-34], as shown in Fig. 1.

S Silica Pozzolanic
S fume .
A = Al,0O4 2 reactions, slower,
S =Si0, later strength
Hydlraulic
reactions, faster, Natural
early strength / pozzolans

Metakaolin

. Limstone 3C.S:
v i v

Cao 3C.A 5C.3A C.A 3C.5A Al,O4

Fig. 1: Composition of TMS (black), composition of ground glass powder cf. [25-34],

superimposed on mainly used SCMs, adapted from [35,36]

The particle-size distribution was determined using a laser diffraction Coulter complied with
ISO 13320 specifications. The median particle-size of the sediment is 17 um compared to 13 pm
for cement. Shao et al. [28] reported that 30% cement replacement by glass particles (73% silica) of
30 um size resulted in 14% and 33% higher compressive strength than concrete made with powder
of 75 um and 150 pum, respectively. The detailed characterization of the raw and treated sediments

were reported by Safthi et al. [22].
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3.2. Mixtures proportioning and mixing sequence

In addition to the control SCC mixture (SCC-R), two SCC mixtures incorporating 10% (SCC-
1) and 20% (SCC-2) of TMS were prepared (Table 1). All of the investigated mixtures were
proportioned with a w/c of 0.40 plus an additional water corresponding to 0.35 of the mass of TMS
was added to secure adequate workability; this water content was determined using the method
proposed by Sedran et al. [37] for water demand. The sand, CAi, and CA» contents were 893, 147,
and 578 kg/m?, respectively. These proportions were optimized in a previous study to achieve well-
graded skeleton and maximum packing density [22]. A commercial high-range water-reducer
(HRWRA) was incorporated at a dosage of 1200 ml/100 kg of cementitious materials to achieve a
targeted slump flow (Stow) of 680 + 20 mm. All the investigated mixtures were prepared in batches
of 60 1 using a rotating drum mixer. The mixing sequence consists of homogenizing sand for 30 s,
followed by adding coarse aggregate and mixing for 60 s. One third of the water was then added,
and the material was mixed for 30 s. The cementitious materials were added and mixed for 30 s
before introducing HRWRA diluted with one third of mixing water. The concrete was then mixed
for an additional 120 s before introducing the last portion of mixing water. The concrete was mixed

for 60 s and left to rest for 2 min, after which the mixing was resumed for another 3 min.

Table 1: Mixture proportions of the investigated SCC mixtures, content in kg/m’

Water
Additional
Mixture | Cement | TMS | CA; CA; Sand Base w/c =
0.4 water for TMS | Total
' (W/TMS) = 0.35
SCC-R 450 0 180 0 180
SCC-1 405 45 147 578 893 162 15.8 178
SCcC-2 360 90 144 21.5 176

3.3. Tests methods

After the mixing process, fresh properties were measured, and various samples were prepared

to determine the hardened properties. Each sample was cast in one layer without any vibration.
7



157
158
159
160

161

162

Immediately after casting, specimens were properly covered to avoid water evaporation and left
undisturbed at room temperature of 23 + 2°C. After 24 + 4 h, the specimens were demolded and
transferred to a curing chamber at 95% relative humidity (RH) and controlled temperature of 23 +
2°C until the age of testing. Table 2 summarizes the tests conducted on the mixtures. For each test,

measurements were made on three different samples.

Table 2: Test methods of the investigated mixtures

Testing
Properties Test method Samples
periods
Fresh properties
Stiow (mm) - Fresh
Filling ASTM C 1611 [38]
Ts0 (s) - Fresh
ability
Passing | Jring flow (mm) ASTM C 1621 [39] - Fresh
ability L-box flow EN 12350-10 - Fresh
Stability | Sieve segregation (%) EN 12350-11 - Fresh
Air content (%) ASTM C 231 [40] - Fresh
Unit weight (kg/m’) ASTM C 138 - Fresh
Hardened mechanical properties
Compressive strength ASTM C 39 [41] 3, 28, 56, and
100 @ 200 mm
Split tensile strength ASTM C 496 [42] 91 days
Durability properties
Mercury porosimetry NF P18- 459 Inner fragments 91 days
3,28, 56, and
Electrical resistivity ASTM C 1760 [43] 100 @ 200 mm
91 days
Rapid chloride ion penetrability ASTM C 1202 [44] 100 @ 50 mm 91 days
Absorption and sorptivity ASTM C 1582 [45] 100 @ 50 mm -
Drying shrinkage ASTM C 157 [46] 25 mm? x 285 mm -
External sulfate attack ASTM C 1012 [47] | 25 mm? x 285 mm -
Alkali silica reaction (ASR) ASTM C 1260 [48] | 25 mm? x 285 mm -
3,28, 56, and
Accelerated carbonation - 100 mm? x 50 mm
91 days
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The accelerated carbonation tests were conducted using a special chamber in which 4.0% of carbon
dioxide was introduced at controlled relative humidity of 55% + 5% and temperature of 20 + 2°C.
For each SCC mixture, three 100 mm? by 400 mm prisms were tested. The prisms were prepared
and wet cured for 28 days. They were then left to dry for 14 days at 50% relative humidity before
carbonation testing. The carbonation depths (x.) were evaluated by spraying 1% phenolphthalein
alcohol solution on a specimen of 100 mm? by 50 mm cut at different ages of the test. The non-
carbonated region is identified by purple color due to high alkalinity. The x. was determined by

taking the average depth of colorless regions.
4. RESULTS AND DISCUSSIONS

4.1. Workability

The fresh properties of the investigated SCC mixtures are summarized in Table 1. As can be
observed, the investigated mixtures achieved a Sfiow of 690 + 5 mm, which corresponds to SCC
Class 2 (SF2) in accordance with EFNARC standard [49]. Also, all the investigated mixtures
exhibited a comparable Tso value of approximately 2 sec and good passing ability reflected by
difference between Sfow and Jring flow values (i.e., Stiow - JRing) less than 50 mm [50]. The mixtures
achieved a Vfunnel flow time ranging between 6 and 8 s, and a blocking index H>/H; between 0.85
and 0.98 in the L-box test [51]. The investigated mixtures belong to passing ability class “PA1”,
except for the SCC-2. On the other hand, the segregation index of the investigated mixtures was
less than 10%. It is worth mentioning that during the test, no sign of bleeding was noticed at the
outer edge of the spread. This indicates that all the developed SCCs an adequate segregation and
bleeding resistance. The findings indicate that the investigated mixtures have good passing ability

and stability.

Table 3: Fresh properties of the studied mixtures

Properties SCC-R SCC-1 SCC-2
Filling Stiow (mm) 695 690 685
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ability Tso (s) 2.00 2.03 2.06
Vunnel time (s) 8.10 7.41 6.66
Passing JRing flow (mm) 655 660 665
ability L-box flow 0.98 0.94 0.85
Stability Sieve segregation (%) 6.6 8.5 6.2
Air content (%) 3.9 2.2 1.4
Specific gravity (kg/m’) 2310 2365 2380

4.2. Hardened properties

The average compressive and splitting tensile strength values of the SCCs mixtures are
presented in Fig. 2. The investigated mixtures showed similar trend of strength development with
time. The increase rate was rapid up to 28 days and then slowed down afterward. A previous study
conducted on the same mixtures [22] reported the evolution of ultrasonic pulse velocity reflecting
the ongoing hydration reactions toward the formation of a denser and interlocked microstructure.
The investigated mixtures reached a velocity of 4900 m/s and exhibited similar compressive
strength of 66 + 1 MPa at 91 days of age. The maximum strength was observed with SCC-1
containing 10% TMS, regardless of the age. The oxides derived from TMS contribute to the
pozzolanic reactivity and produce additional calcium silicate hydrate (C—S—H), hence leading to
higher strength development [22]. The SCC-2 mixture containing 20% TMS showed a slower
strength gain but reached comparable strength after 91 days of age. It is well known that the use of
SCMs required longer curing time to achieve a given strength. Du and Tan [26] reported that
concrete incorporating 60% of glass powder that contains 72% silica exhibited a compressive
strength of 22 MPa after 7 days of age compared to 35 MPa obtained in the case of the reference
mixture. However, after 365 days of age, the glass-powder concrete containing showed 12% greater

compressive strength than the reference mixture.

The tensile strength of SCC-1 was comparable to that of the reference mixture. The increase of
TMS content resulted in a slight decrease in splitting strength. This may be due to the low liberated
quantity of lime during hydration compared to the available quantity of silica in the case of higher

10
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substitutions of 20%. Also, the relatively higher finesse of TMS compared to that of cement can
induce higher water demand for a given workability that leads to lower strength [52]. The partial
replacement of cement by 20% of TMS can also result in lower C3S phases in blended cement,
hence reducing the volume of initial hydration products. After 91 days of age, the investigated SCC
mixtures exhibited a comparable tensile strength of 6 £ 0.3 MPa. Sharifi et al. [25] reported similar
results with the use of glass microparticles as partial replacement of cement (up to 30%, by weight).
The authors reported that the mixture containing 5% of ground waste glass exhibited the highest
compressive strength, regardless of the age of concrete. However, the use of substitution rates
higher than 20% resulted in decreasing the compressive strength development due to the excess

silica content.
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Fig. 2: Compressive and tensile splitting strengths of SCCs at different ages

4.3. Microstructure characteristics

Pore structure and porosity of cementitious materials depend mainly on the reactivity of
cement, w/cm ratio, curing temperature and condition and SCMs which refine the pore structure
[53]. The pore-size distribution of the investigated SCC mixtures is illustrated in Fig. 3. As can be

observed, the mixtures exhibited an average total porosity of 9.1%. SCC-R mixture showed the

11



223 lowest porosity (8.74%), while SCC-2 exhibited the highest one (9.57%). However, the TMS
224  mixtures exhibited more refined pores less than 20 nm compared to the reference mixture. This can
225  be explained by the densification of the ITZ caused by additional formed C-S-H gels attributed to
226  the high chemical activity and pozzolanic reaction of TMS. SEM observations show that SCC-1 is
227  denser than SCC-2 mixture (Fig. 4). Refined and denser ITZ is crucial to achieve durable concrete,
228  since it is the preferential pathway of transport properties (e.g. permeability, diffusion, etc.). In fact,
229 the use of TMS increased the capillary porosity because of the higher effective w/cm ratio in the
230  presence of TMS which required water to ensure the targeted workability [54]. Higher substitution
231 rate of cement by finer SCMs increases the nucleation zones, hence increasing hydration kinetics.
232 Similar findings were reported using glass powder that led to finer pores size with a comparable

233  total porosity [26].
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Fig. 4: SEM images of the investigated systems at 91 days
4.4. Transport Properties and Durability
4.4.1. Absorption and Sorptivity

Absorption and sorptivity are the principally transport mean of harmful agent (e.g. chloride,
acid, sulfate, etc.) in concrete. The reachable pore volume represents the average value (/) obtained
on three different samples (Fig. 5). As expected, the water absorption increased with time,
regardless of the mixture type. The SCC-R and SCC-1 mixtures showed comparable initial
adsorption values, while SCC-2 mixture showed relatively higher value. The presence of TMS
increased the secondary absorption, which indicates a higher pores connectivity. The sorptivity
represents the slope of the cumulative absorbed volume of liquid per unit inflow surface versus 1"
curve. This property was determined with accuracy of * 5 E mm?mm?’s” As shown
schematically in Fig. 5, the sorptivity test can be divided into two phases, a higher slope during the
first 6h of testing corresponding to the initial sorptivity (S7), which is related to the capillary
suction. The lower slope corresponds to the secondary sorptivity (S2), which is related to the filling
of pores and air voids [55]. The S; values for the mixtures containing 10% and 20% of TMS are
higher than that of SCC-R mixture by 7.5% and 19.8%, respectively. On the other hand, the S>
values were 37% and 62% higher than that of SCC-R mixture, respectively. Nevertheless, for all the

investigated mixtures, sorptivity values were less than 0.05 mm?*/mm?.s”, which indicates a good

durability according to the Concrete Society criteria [56].

13
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It is worthy to mention that a higher TMS substitution necessitates a higher w/c, hence resulting
in higher porosity and sorptivity as well as deep water penetration and higher absorption. Liu [57]
reported that sorptivities of SCC incorporating glass powder increased with substitution content.
On the other hand, Nassar and Soroushian [58] reported that concrete containing 20% of milled
glass showed 13% less water absorption after 56 days of age compared to the reference mixture.
This can be attributed to the pozzolanicity and filling effect of the glass powder. However, Matos
and Sousa-Coutinho [59] reported that the use of 20% of glass powder did not influenced the
sorptivities of concrete. This can be attributed to the fact that glass powder and cement had

comparable finesse.
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Fig. 5: Capillarity absorption of the investigated SCC mixtures
4.4.2.Electrical resistivity and chloride penetrability

As can be observed in Fig. 6, the electrical resistivity of the investigated SCC increased with
time, regardless of type and age of the mixture. This is probably due to the pore refinement induced
by the pozzolanic reaction. SCC-1 mixture showed the highest resistivity compared to control

mixture (+8.1% at 91 days). On the other hand, SCC-2 showed a comparable resistivity than control
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mixture up to an age of 28 days but decreased by 8.0% and 9.8% after 56 and 91 days of age,
respectively. In general, the use of 10% TMS resulted in higher volume of micropores less than 20
nm, hence resulting in denser matrix and higher electrical resistivity. However, the use of 20%
TMS resulted in higher porosity and less compact matrix, thus inducing lower electrical resistivity.
Electrical resistivity is also affected by the pore solutions, principally the presence of Ca** and OH-
ions. The increase in TMS substitution content lowered the concentration of these ions, hence
lowering the electrical conductivity [26]. This is consistent with reported literature on the use of
pozzolanic materials to improve resistivity despite their low contribution to strength development of
concrete [60]. Overall, the electrical resistivity of the investigated mixtures was higher than

20 kQ.cm, which indicates a low risk of corrosion [61].

700 420
[ 3 28d = 56 J
9/ d ——RCPT

Electrical Resistivity p(KQ.cm)
RCPT Results (Coulombs)

SCC-R SCC-1 SCC-2

Fig. 6: Electrical resistivity and chloride penetrability of SCC mixtures

Chloride resistance is a key property that can affect the lifetime of steel in reinforced structure,
especially in marine conditions. Capillary suction, diffusion, penetrability, migration, or
combinations of these transport mechanisms can be used to assess chloride ions ingress into

concrete. Based on the Fick’s 2™ law, the apparent diffusion coefficient is usually used for
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measuring chloride penetrability. In this study, the “Rapid chloride penetrability test” (RCPT) was
conducted on SCC samples at 91 days of age to determine the apparent diffusion coefficient. The
results of the RCPT showed a reasonable correlation with the results of the diffusion coefficients;
however, a significant spread of data was obtained considering the log-log plot (Fig. 7). As reported
by Thomas [62], the relation between RCPT and diffusion coefficient is primarily governed by the
pore structure (volume, size, connectivity, and tortuosity of the pores), and to a lesser degree by the

composition of cement hydrates and pore solution.
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Fig. 7: Correlation between 201 test data of RCPT and diffusion coefficient results (data of 28 days

were chosen) — cf. [63—-68]

As can be observed in Fig. 6, the test results revealed that the investigated mixtures achieved RCPT

values lower than 1000 Coulomb, which indicates a very low chloride permeability (ASTM
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C1202). SCC-1 and SCC-2 mixtures showed, however, 4% and 19% higher RCPT values,
respectively, than control mixture (341 Coulombs). This tendency is similar to that observed with
sorptivity values. Nassar and Soroushian [58] reported that the use of well ground glass powder (dso
equal 13 um) reduced chloride penetrability due to the pozzolanic reaction that refine the porosity
of the matrix. The TMS used in this study is a fine powder having a dso of 17 um, hence improving

the microstructure and transport properties.
4.4.3.Unrestrained drying shrinkage

Unrestrained shrinkage testing was carried out to determine the free volumetric change of
concrete according to the ASTM C157 specifications [46]. As can be observed in Fig. 8, the
investigated mixtures achieved comparable length change values at 7 days of exposure. However,
drying shrinking developed quickly after 7 days of exposure, and stabilized after 21 days. SCC-R
control mixture exhibited higher shrinkage of 8% and 5% after 49 days of exposure than SCC-1 and
SCC-2 mixtures, respectively. The microstructure analysis is consistent with the shrinkage results
reported in this study, where SCC-R showed the lowest volume of micro-pores and the highest
volume of meso-pores. The test results revealed that the mass loss increased with TMS content
compared to control mixture. Indeed, SCC-1 and SCC-2 mixtures showed 5% and 12% higher mass
loss, respectively, than control mixture. These results are similar to those reported on the effect of
red mud on drying shrinkage of concrete [5]. This reduction was attributed to the porosity of red
mud and its ability to absorb a large volume of free water and thereafter released it, hence

contribute to reducing drying shrinkage through internal curing process.
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Fig. 8: Drying shrinking: length change (left) and mass loss (right)

Bouhamou et al. [19] investigated the influence of dredging sediments used as SCM on
shrinkage of SCC. The authors reported that the calcined mud decreased the autogenous shrinkage
due to the formation of expansive calcium aluminate hydrates. Furthermore, they reported that SCC
incorporating calcined mud showed denser microstructure and finer pore sizes, hence resulting in
lower porosity, permeability, water diffusivity, and drying shrinkage. Zhang et al. [70]
demonstrated that drying shrinkage is well correlated with pore volume, where lower volume of the
mesopores below 50 nm can significantly decrease drying shrinkage. On the other hand, Collins and
Sanjayan [71] showed that increasing the volume of mesopore is responsible for increasing the

drying shrinkage. Overall, it appears that the differences were not significant between the mixtures.
4.4.4. External sulfate attack

The degradation of concrete due to external sulfate attack is primarily related to the expansion
of gypsum (CSH) and ettringite (C¢AS3Hz2) formed by the reaction of unreacted C3A, monosulfate,
and portlandite (CH) with sodium sulfate (Na;SO4) or magnesium sulfate (MgSOs). The expansion
results obtained after 24 weeks of exposure are shown in Fig. 9. As can be observed, a rapid initial

expansion was noted during the first month of testing. Then, the expansion rate stabilized until the
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12" week, where the expansion was limited to 0.022%. Another peak occurred at the 18" week
until reaching 0.036% at the 24™ week in the case of SCC-2. SCC-1 and SCC-R mixtures showed
similar trend, while SCC-2 mixture showed higher expansion starting from the 4" week of
exposure, even though it contains the lowest C3A content due to higher substitution of cement by
TMS. This is probably due to the formation of ettringite following reaction of Na>SO4 and C3A or
CH. Indeed, SEM observations revealed that SCC-2 exhibits a disordered structure with numerous
sulfate phases and large number of open pores [22]. Diverse CH crystals were observed in SCC-2,
including thin hexagonal and globular crystals indicating the presence of alite and belite. In addition
to SEM observations, XRD analyses showed that increasing the TMS content promoted the
formation of ettringite. The pozzolanic activity binds CH released during hydration of C3S and C,S,
hence leaving less available CH for reaction with sulphates and preventing the formation of gypsum
[72]. Another possible explanation may be the higher effective w/b ratio, which could decrease the
pH of the pore solution resulting in C-S-H instability and releasing of Ca** ions. At lower pH,
ettringite also become unstable and decompose to gypsum generating smaller expansion [73,74].
The higher expansion and mass gain of SCC-2 specimens could also be explained by its higher
porosity and sorptivity compared to those of SCC-R and SCC-1 mixtures, which provided an open
pathway for sulfate ions. In general, the use of 10% TMS did not have a negative effect on sulfate

attack.
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Fig. 9: Resistance to external sulfate attack: left) length expansion and right) mass gain
4.4.5. Accelerated Alkali Silica Testing

Mortar samples were prepared using a non-reactive sand and subjected to the accelerated
alkali-silica test according to the ASTM C1260 specifications. The expansion and mass gain results
are summarized in Fig. 10. As can be observed, a rapid expansion of 0.035% was observed after 3
days of exposure, regardless of the type of mixture. SCC-1 and SCC-R mixtures achieved
comparable expansion of 0.070%, while SCC-2 exhibited slightly higher expansion of 0.075% after
14 days of exposure. On the other hand, the investigated mixtures exhibited almost the same mass
gain where a slight increase of 1.0% was observed after 14 days of exposure. Overall, the
expansions of the investigated mortar mixtures are lower than 0.10% after 14 days of exposure,
hence reflecting an innocuous behavior according to the ASTM C1260 specifications [48]. These
results indicate that the use of up to 20% TMS will not cause more ASR expansion under normal

conditions, including the use of non-reactive aggregate.
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Fig. 10: Resistance to alkali silica reaction: left) expansion and right) weight gain

These results confirm the findings reported by Schwarz et al. [27] where expansion for mortars
containing ternary mixture of cement, fly ash, and glass powder (5%, 10%, and 15%) showed an
innocuous behavior less than 0.10%. Taha and Nounu [34] in their study on ASR testing of mortars
containing 10% glass powder, they explained the findings by the quick dissolving of reactive silica
during the pozzolanic reaction that agglomerated in the crystals of concrete minerals, hence may not
be available for the ASR that occurs in later stages. They argue that in the first 4 weeks of
pozzolanic reaction and hydration process, most of alkalis would have been consumed to catalyze
the pozzolanic reaction and act as chemical activators to compensate for the lower calcium content

in the glass powder.
4.4.6. Accelerated carbonation

Carbonation is one of the major factors affecting durability of concrete by reducing its pH,
which can initiate the reinforcement corrosion. In fact, CO; in the air can react with hydration
products, such as CH and C-S-H dissolved in pore water, to form CaCOs and water [75,76]

according to the following equations:
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Ca(OH), + CO, —» CaCOs + H,0 Eq. I

(Ca0),(Si0,),(H;0), + (x — x")CO, » (€Ca0),/(Si0y),H, + (x —x")CaC03 + (z — z")H,0

Eq. 2

The carbonation of Ca(OH). causes expansion, decreasing porosity, refining pores, increasing
strength, and improving durability of the matrix [77]. However, carbonation of C—S—H cause its
disintegration and loss of strength [78]. Assuming that carbonation process is steady, the depth (x.)

can be calculated using the Fick’s first law as shown in Eq. 3.

where k is the carbonation rate of concrete. The coefficient k..., which is related to the controlled
test conditions, was determined for all the investigated SCC mixtures (Fig. 11). The test results
revealed that the investigated mixtures showed seems to be proportional to the TMS replacement
percentage. After 91 days of exposure, the carbonation depth of SCC-R reached 4 mm, while those
of SCC-1 and SCC-2 reached 150% and 200% higher values, respectively. This can be due to the
higher porosity and sorptivity of SCC mixtures containing TMS. As discussed earlier, increasing
TMS content increases the effective w/b ratio, which results in lowering the pH of the matrix.
Gabrisova et al. [79] conducted potentiometric analysis and concluded that ettringite is unstable
below a pH of 10.7, while the monosulphate is unstable below 11.6; lowering the pH causes
dissociation of phases, thus providing more calcium hydroxide (CH) available for carbonation.
Matos and Sousa-Coutinho [59] reported similar carbonation trend, i.e. incorporating glass powder
by 10% to 20% generates a carbonation depth of 5 mm and 8 mm, respectively, after 4 months of

age. These values represent an increase of 165% and 265% compared to the reference, respectively.
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Fig. 11 : Carbonation progress of the investigated SCC mixtures: left) in the tested atmosphere and

right) the consequential calculated development in air

Sisomphon and Franke [80] proposed a relationship between k... and coefficient of environmental

carbonation (kenyv), as follows:

kacc/kenv — \/Cacc Eg. 4

Ce nv

where Cuc is the CO2 concentration used to carry out the test (4.0%), while Cen is the CO2
concentration in the environment, which varies from 0.03% in a rural environment to 0.1% in urban
areas [81]. According to NOAA Earth System Research Laboratory, the environment CO>
concentration was fixed at 0.0413%. This scale up does not consider the influence of ambient
temperature and humidity, moisture cycles, and surface geometry, which could affect the
carbonation kinetics [24]. Using Eq. 3 and 4, the parameter k.., was calculated, and the carbonation
progression in nature was evaluated based on the \t-function (Fig. 11). For example, in the case of
20-mm concrete cover, the carbonation can reach the reinforcing bars after 167 and 101 years in the

case of SCC-1 and SCC-2 mixtures, respectively, compared to 365 years for the control mixture.
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Even for the highest TMS content of 20%, the expected durability against carbonation is over 100

years.
4.5. Discussions

The high alkalinity of the pore solution rich in Ca?**, Si0Z~, and OH~ ions contribute to
dissolving the amorphous silica in TMS (Si—O-Si bond), which can react with Ca®* ions to form
C—S—H gel with a lower Ca/Si ratio. Higher substitution rates lead to a lower availability of Ca* to
accommodate the higher existing Si brought by TMS, which can therefore delay cement hydration
[35]. Less available Ca* can result in a decrease of pH of the pore solution, as reported by Du and
Tan [73]. The pozzolanic reactivity of TMS depends on the substitution percentage and the mixture
parameters, including the mixing water. Indeed, SCC-2 mixture proportioned with 20% TMS
substitution showed slower strength development but reached equivalent mechanical properties

after 90 days of age.

The curing type and duration, as well as temperature are key factors affecting the performance
of SCM in terms of the strength development, especially in the case of rich-silica medium, such as
that containing glass powder or TMS investigated in this study. Shi et al. [83] investigated the
compressive strength of mortars made with glass powder and cured at different temperatures of
23°C, 35°C, and 65°C. As expected, mortar samples cured at 35°C and 65°C developed higher
strength than those cured at 23°C, regardless of the age of mortar. This can be attributed to the
higher apparent activation energy for pozzolanic reaction. Furthermore, Mirzahosseini and Riding
[29] reported that mortar mixtures made with 25% glass powder and cured at 50 °C developed 25%
higher compressive strength after 91 days than those cured at 23 °C. In the case of the investigated

TMS, higher curing time can allow better mechanical performances.

The degradation mechanisms are related to the transport properties, including the sorptivity,
which is a fundamental parameter controlling liquid transport in porous materials. Laidani et al.

[84] investigated the effects of calcined bentonite on SCC properties and reported a strong
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correlation between the chloride diffusion and porosity, and gas permeability and porosity. A low
porosity was found to be associated with low passing charge and gas permeability coefficient.
Kanellopoulos et al. [85] found a strong linear correlation (R? = 0.94) between sorptivity and open
porosity, sorptivity and chloride permeability (R? = 0.92), as well as sorptivity and compressive
strength (R? = 0.93). The authors [85] suggested that these durability properties are interrelated and
constitute good indicators for durability. They can also be used to avoid long-term durability tests.
Liu [57] also found a strong correlation between sorptivity and compressive strength (R? = 0.82)

and suggested that sorptivity could be used to predict the service life of concrete.

A correlation was established between the total porosity and transport properties, including
initial and final sorptivities, carbonation coefficient k..., and the chloride ions penetration. A strong
correlation (R2 > 0.94) between the total porosity and other transport properties was reported, as
shown in Fig. 12 and Table 4. As expected, lower porosity was associated with lower sorptivity,
carbonation permeability, and chloride diffusion. A high porosity was also related to a high
diffusion of sulfate and NaOH used for ASR, where more expansion was observed in the case of
SCC-2 due to its higher porous structure. Grinding TMS to meet a dso < 5 um can be interesting to

ensure more reactive particles, hence resulting in denser and less porous ITZ.

Table 4: Transport properties of the investigated SCC mixtures

Total porosity | Initial sorptivity | Final sorptivity | Chloride ions | Carbonation
Hiwes (%) (mm’/mm?.s") (mm’/mm?.s”) |penetrability (C)| kacc (mm.day)
SCC-R 8.74 2.81 E? 2.54 B3 341 0.539
SCC-1 | 9.08 (+3.9%) | 3.02E3(+7.5%) | 3.48 E* (+37%) 354 (+3.8%) | 0.797 (+50%)
SCC-2 | 9.57 (+9.5%) | 3.37E*(+20%) | 4.11 E® (+62%) 406 (+19%) | 1.027 (+90%)
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Fig. 12: Correlation between various investigated transport properties

The investigated SCCs met the criteria for high-performance SCC, including a fresh air content
of 5-8% [86] for durability purposes, high-early compression strength of 20-28 MPa, 28-d
compressive strength higher than 40 MPa (ASTM C39 [41]), low permeability of 500-2000
coulombs (ASTM C1202 [44]), low water absorption of 2-5%, expansion to sulfate attack below
0.10% after 6 months of exposure (ASTM C1012 [47]), high-elasticity modulus of 40 GPa (ASTM
C469 [87]), a drying shrinkage lower than 400 millionths (ASTM C157 [46]) [88], ultrasonic pulse
velocity higher than 4575 m/s [89], total porosity of 7-15% [90], and electrical resistance to

corrosion higher than 5-10 kQ.cm [61].

S. CONCLUSIONS

Key fresh and hardened properties, microstructure characterization, transport properties, and key
durability indicators of SCC containing treated marine sediments (TMS) were assessed. Based on

the results presented in this paper, the following conclusions can be pointed out:
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The investigated SCC mixtures exhibited adequate self-consolidating characteristics with high
filling and passing abilities, and good stability. Also, they exhibited comparable compressive
splitting tensile strength values of 66 £ 1 MPa and 6 + 0.3 MPa at 91 days, respectively.

An average total porosity of 9 + 0.4% was found for the investigated mixtures. However, the
incorporation of TMS increased the micropores volume (16%), decreased mesopores volume
(44%), and decreased macropores volume (90%) compared to the reference mixture. This was
attributed to the pozzolanic reaction and filling ability that refined the ITZ.

All the investigated SCC mixtures showed adequate transport property reflected by sorptivity
values lower than 0.05 mm?/mm?.s”. The incorporation of TMS increased the absorption and
sorptivity by 7.5% and 19.8% in the case of SCC-1 and SCC-2 containing 10% and 20% TMS,
respectively, compared to control mixture (2.81 E® mm?/mm?.s”). In the case of the secondary
sorptivity, higher increase of 37% (SCC-1) and 62% (SCC-2) were observed.

SCC mixture containing 10% TMS exhibited the highest electrical resistivity regardless of the
age (8.1% higher than the reference of 470 kQ.cm after 91 days). The use of higher TMS
content resulted in higher chloride permeability by 19% compared to reference mixture (341
Coulombs).

SCC mixtures incorporating TMS exhibited lower drying shrinkage compared to the reference
mixture. Control SCC mixture exhibited higher shrinkage after 49 days of exposure compared
with those containing TMS.

For external sulfate attack, the use of 20% TMS led to a higher expansion compared with the
reference mixture. The use of 10% TMS resulted in comparable expansion to that of the control
mixture; however, the expansion was less than 10% after 24 weeks of exposure.

The use of TMS increased the carbonation depth compared to control mixture (4 mm) after 91
days of exposure by 150% (10% TMS) and 200% (20% TMS). The expected durability against

carbonation of the investigated mixture is higher than 100 years.
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8. Taken as a whole, incorporation up to 10% led to a comparable durability performance. A
typical substitution rate of 10%-20% TMS can be considered without mitigating durability of

non-reinforced concrete in moderate exposure class and no external aggression.
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