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Abstract

In the context of the depletion of natural geomaterials, the increasing amount of dredged
sediments calls for seeking new possibilities for treating and recycling these materials as
cementitious supplementary materials. The aim of this paper is to design ecological SCC pastes,
which require less cement, incorporating treated marine sediments. Despite many approaches
investigating the ultimate formula of self-compacting concrete (SCC), the process remains complex
because it is based on many variables and components. According to the mix design method, twenty
pastes were prepared with cement, superplasticizer, water, and treated marine sediments from the
Dunkirk harbour (France). The pastes’ fresh properties were determined by using the mini-slump
cone (workability), and the Marsh cone (fluidity). Rheological properties were determined with a
robust rheometer based on the Bingham model. Cohesiveness and compressive strength were tested
as well. All responses were connected using ternary diagrams, which led to the definition of an

optimal formula. Experimental checking was performed to validate the obtained results.
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1. Introduction

In a vision of sustainability, and to limit the diefioon of natural resources, reduce L£O
emissions, and strengthen biodiversity, the adapwd the circular economy as a model of
consumption has become a major necessity. Dredggithents could be an alternative additive in
concrete, as well as a new source of constructiatemals. Sediments have been considered as
waste materials for a long time [1]. However, whsibjected to particular treatment, they have
been demonstrated to have pozzolanic propertidsntig allow them to be used with Portland
cement as a reactive or a simple mineral additivéhe production of concrete [2,3]. Dredged
sediments can be regarded as a suitable alterriatigeeener concrete structures.

The type of cement, the presence of additiveswtiter-to-cement ratio, the different types of
admixtures, the dosages, the type and the sizggvegates are some of the factors that determine
the final quality of concrete. However, a suitatvix design is not enough to achieve the expected
properties. Fresh concrete must have rheologicgigsties allowing it to properly fill the space in
the workform between the rebars with the lowestresgation. High workability and good
rheological stability are required for concrete.afhs why concrete must meet very strict
performance requirements to ensure the expectedcselife of any structure, especially for
reinforced concrete elements, where the use otsetipacting concrete (SCC) is increasing.

SCC is a very fluid material, homogeneous and stablat perfectly fits the shapes of the
most complex forms. It was designed by Okamurapad for the purpose of facilitating casting in
pieces of complex geometry, or located in inactéssireas set up under their own weight without
vibration. Different approaches to mix design hbeen proposed in previous studies [4] such as:

= The empirical design method: Okamura proposed grire&al method based on laboratory
tests by fixing different ranges for each componienthe SCC concrete [5]. Khaleel and
Abdul Razak proposed an empirical method for SC8ellaon metakaolin and coarse
aggregates with different properties. Using thisthod, they found that metakaolin

enhances the SCC properties [6].
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= The compressive strength method: Kheder and AlriJadoposed a method based on
targeting a range of compressive strength by vgritie water-to-cement ratio [7]. Dinakar
et al. proposed a method started by fixing thel fptavder content; based on the required
strength, the other parameters like W/C and freepgaties were then evaluated to meet the
self-compactibility criteria [8].

*» The close aggregate packing method: Kanadasan amdkRproposed to use the particles
packing concept to secure the fresh and the haddpraperties of SCC [9]. This method
helped to promote sustainability by incorporatiradnp oil clinker aggregate. Sebaibi et al.
proposed a method based on optimizing the SCC etmasing RENE LCPC software [10].

» The mixture design method based on the statidiécdbrial method: Bouziani developed a
simplex-lattice mixture design with different facdoand levels [11]. This study confirms
that this approach is valid for a wide range of tomi& proportions. Ozbay et al. used
Taguchi's experiment design by using differentdas{12]. This study analyzed the mixture
proportion parameters of a high-strength SCC arsthatwvs that the laboratory tests can be
reproduced in a full-scale production.

= The mixture design method based on the rheologyhef paste model: Ferrara et al.
proposed a method for formulating a steel fibrefmiced SCC based on developing a
rheological model for pastes [13]. The model prowedbe an efficient tool for the

optimization of the SCC mixture.

Recently, studies have been focusing on the rhabgnderstanding of this material and it
has been reported that the control of the rheotbgitoperties is fundamental to optimize the SCC
[14-16]. The rheological properties depend on mtgtors such as: the packing density, the
specific surface area, water content, and filmkiésses [17-21]. Other studies show that the main
factors influencing the rheology are the water-bovder ratio and the superplasticizer dosage
[22,23] Despite previous studies investigate if thoseupeters influence individually or jointly the
rheology of cementitious paste, it is still difflcto tell [24].

3
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Rheological models are mathematical tools usechtoacterize the behaviour of a material
during flowing. The choice of a model is determirldthe type of material, as well as the rate of
deformation the material is subjected to. Many hbgical models have been proposed for the
cementitious matrix since the beginning of the tbgy study [25,26] especially for the
cementitious matriy27,28]

The rheology of SCC can be described with the Bamglor Herschel-Bulkley modg2]. In
this paper, the Bingham model is considered tohkentost appropriate. It includes three intrinsic
parameterstg, k, n) that describe the steady-state flow of the mailtémia homogeneous condition

(no particle segregation). The shear stte$%) is then related to the shear ra¢s") using Eq. 1:

Eg. 1 T=Ty+nYy

whererg is the shear threshold of the material and the viscosity (Pa.s). Although some studies
on SCC used the rheological Herschel-Bulkley modelne others demonstrated that the
rheological model of Bingham is the most adaptédalaise in the field of cementitious matrix [29—
31]. The volume of the paste in SCC is much highan in ordinary concrete, which leads to the
use of more additives and admixtures. The composdf the paste is the main parameter affecting
the self-compactibility propertig82].

The purpose of this work is to incorporate treadediments as a replacement for Portland
cement, and to evaluate their influence on theldggmal behaviour of the mixture, which will have
good environmental and economic benefits. Thisysiada part of a wider project on recycling
sediments in SCC. This experimental study indicthet the volumetric amount of sediments in the

mixtures can reach up to 14%, in other words, ugp $ediments-to-cement-ratio of 0.29 in mass.
2. Materialsand methods

2.1. Test equipment
The morphology of the treated sediments was andlymsing a Scanning Electron

Microscope (SEM) Hitachi S-4700. The thermograviieetnalysis (TGA) was carried out with an

4
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apparatus NETZSCH STA 449 using nitrogen gas iardrolled environment with argon flow (75
ml/min) at variable temperatures (105 °C to 1100r&np rate = 2 °C/min).

A mini-slump test developed by Kantj@s], with the proportional dimensions of the standard
slump test cone was used to determine the workalfitrong correlations between this test and the
apparent viscosit{34,35], and, in certain cases, with the yield stress Hen reported previously
[36,37] The fluidity and the consistency were determimgth a 10-mm orifice Marsh cone. The
outflow time through the cone was measured td.@D0 ml.

A Vicat apparatus was used to determine the waderathd of the sediments. It is equipped
with a consistency probe of 10 mm in diameter,escdbed in NF EN 196-3 standqgg].

For the rheological analysis, a robust Anton Paadiar Compact Rheometer MCR 102

(Fig. 1) was used with a plane geometry. The statarvaried from 1 to 100's

Fig. 1. Anton Paar Modular Compact Rheometer MOR 1

2.2. Material properties

The cement used in this study is an Ordinary Pwit@ement (OPC) CEM | 52.5 N (standard
NF EN 197-1[39]). This cement is communally used in studies abeaycling sub-products
because it contains no admixtures, in order to oreathe real effect of the sediments. The
sediments were dredged fraarand Port Maritime de Dunkerqu&PMD), located in the North of
France. The raw sediments were heated at 850°C haur, after having been crushed and sieved
through 120um sieves3] (Fig. 2). This technique was very efficient tonghate the high-water
content and organic matter, and to modify the nalogly and the composition of the raw
sediments. The physical properties of the powdershown in Fig. 2. Process of treatment (from
left to right: sediment after drying, after grindirafter thermal treatment)

Table 1. The distribution of particles is givenhkig. 3. X-ray fluorescence (XRF) analysis

was performed on the cement, and on the raw amadettesediments. The results are provided in
Table 2. One can note that the concentration ot miothe oxides increased in the sediments after
the treatment. Fig. 4 shows the mineralogical caitjpm of the raw and treated sediments
obtained from X-ray diffraction (XRD). Quartz (Si0and calcite (CaC§) were found as the main
phases for the raw sediments. The analysis alscatedl some minor phases such as gypsum

(CaSQ, 2H,0), haematite (R©s3), natrosilite (NaSi,Os) and halite (NaCl). After treatment, quartz
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(SiOy), gehlenite (several forms), and anhydrite (CgS@ere found as the main phases. The
analysis also indicated some minor phases suchaamdtite (Fgs3), augite, gypsum, and
microcline (KAISEOs).

The morphology of treated sediments is shown in b¥ig. 5, it was observed that it consist
of fine angular particles. According to Fig. 6, EDaXalysis confirms the XRD analysis and it
shows that the mineralogical nature of treatedmsedts is mainly siliceous.

The demand of superplasticizersSvas measured using two types. TheCGhryso Fluid
Optima 206 appears to be the most suitable andateation assay starts from 1.5 % of thal&
extract to the cement mass.

The TGA analysis was conducted on the raw sedimdiis results are presented in Fig. 7
and it shows that:

= Between 30 and 120 °C: the free water and soméeftsorbed water escape from the
material. Unbound water is completely removed &°C2

= Between 130 and 170 °C: a double endothermic @actn take place associated with the
decomposition of gypsum (Caa@H,0)

= Between 180 and about 300°C: the first stage ofdiglion. The heat breaks the particles
and pulls the inter-granular water molecules

= At about 250 and 370 °C: small endothermic peaksy rba produced indicating
decomposition and oxidation effects of metallimedats (haematite)

= Between 450 and 550 °C: decomposition of the omyaratter and organic pollutants

= Around 570 °C: there is a structural transformafrem quartza to quartz

= Between 600 and 700 °C: this is the second stépeidecarbonation of calcite.

= Between 700 and 900 °C: a highly endothermic reactiue to the decomposition of
limestone (CaCg) that releases carbon dioxide (g§@nd calcium oxide (CaO)

= Above 1000 — 1400 °C: the material goes to the siatk
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The analysis confirms the choice of the calcinatemperature, which is above the optimum of

750°C.

Fig. 2. Process of treatment (from left to rightdament after drying, after grinding, after thermal

treatment)

Table 1. Physical properties of cement and sedisnent

Fig. 3. Particle size distribution of cement, randatreated sediments

Table 2. Oxide composition of cement, raw and é@aediments using XRF (%)

Fig. 4. XRD analysis on raw and treated sediments

Fig. 5. Particle morphology of treated sedimen30(@m)

Fig. 6. Energy Dispersive X-rgi£DX) analysis of treated sediments

Fig. 7. TGA analysis on the raw sediments

3. Experimental protocols

3.1. Packing density and water demand
Water demand consists in determining the mass dokemsl, required to make the

cementitious paste go from the state of pellets state of homogeneous paste. Tests were carried
out on 350 g of cement using a standard kneadsciitbed in standard NF EN 19640]) and the
Vicat apparatus. The optimisation of water demaras werformed by using the Réne-LCPC, a
developed software by Sedran and Larfadd, which is based on a mathematical model in oraler t
secure a maximum packing density of the skelettnis Thodel makes it possible to calculate the
theoretical compactness of any granular mixture, e viscosity of any suspension at a given
concentration of this mixture, based on variousemalt characteristics. Physically speaking, a

higher compactness refers to a minimum percentbygeids between solid grains.
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Penetration measurements were performed for diffevater contents. The mass of waiky
required to obtain a height h = 6 mm can be deteethiby successive tests. In order to limit the
number of tests, it is possible to interpoldlg from two points (A & B) framing the normal
consistency. However, in order to minimize the ergwints A and B must fulfill the following
conditions (Eq. 2):

Hg = 2mm

Eq. 2 025<W/C < 04
Myp— Mys<5g

The compactnegs of the powder is then determined by Eq. 3:

1000

1000+ pCIIVV’[—W
[

Eq. 3

where pc is the density of the cement),, and Mc are the total mass of water and cement,
respectively. The theoretical compactnegswas calculated using the commercial software Réne
LCPC as it shown in Fig. 8. It represents that dheount of sediments up to 70% improve the
density of the mixture which can be explained by finesse of the marine sediments and their
ability to fill into voids between the cement gmsirThe water demand for treated sediments was

0.4.
Fig. 8. Theoretical packing density of the mixtuuesig René-LCPC software

3.2. Experimental design
The design of experiments (DoE) approach is basedl siatistical method that can be used to
optimize experimental tests. It is a well-known @ggzh commonly used for the optimization of
cementitious mixtures [42—45]. It allows the measuent of multiple responses without extra
experiments. In our case, DoE allows us to quarnh# influence of each mix parameter on the
fresh properties of the mixtures. Furthermore,rdsponses depend only on the proportions of the

compositions in the mixture and not on the madgb®wvolume.

8
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The main characteristic of a random mixture is that sum of all the components must be
equal to 1. The experimental plan was based onfémiors: cement (C), sediments (S), water (W),
and superplasticizer gbtaken in volumetric proportion. With a total vole equal to unity, the mix
design implies that there is an interaction andeddpnce between the parameters. The

experimental field was constrained by Eq. 4:
Eq. 4 My =C+S+W+Sp=1

However, another important parameter was taken gunsideration, namely the solid
volumetric concentrationlj. This is the ratio of the volume of solids to ttméal volume, which
comprises the solid particles coming from cemeadtlireents, and superplasticizer in dry extract.
This parameter is known to correlate with the yeeldalug46]. It also correlates with the viscosity
[47], which increases with the increase of the volumaetion of solids. This fact is valid only at a
low shear rate and shear stress and fior= 0.62[48]. This limitation was confirmed elsewhere
[49]. It was recommended to keep the volume ratio beéddd@ to avoid resistance against shear
stress increase with the shear rate.

The mathematical model for this mix design convergmvard a 2 degree polynomial (Eqg. 5),

which can be written in a matrix form (Eq. 7) as tbllowing:
k
Eq. 5 Y = Z Bixj + Xi<j Xj Bijxixj + €
i=j

Eq. 6 [Y]= [X].[B] + [e]

where Y is the response, and x correspond to the volumetric proportions of the faictors, and
Bi andpj are the regression coefficients. This model iskkmas the Scheffé canonical polynomials,

widely used in mixture experiment applicatigb®,51] This equation can be expanded&q.(?):

Eq. 7 Y =B1.C+ Bo.S+ Bs.W + By.SP + B12.C.S+ B1z.C.W + Bos.S.W +

B14-C.SP + Poy.C.Sp + Pas.W.Sp
9
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where [] is the experimental matrixf] is the vector of the model coefficients, asHi§ the vector

of the experimental error. After some preliminaggts in the laboratory, the range of variation of
each component was as follows (Eq. 8):

0% <S5 < 30%

0% < Sp < 2%

025 <W/C < 04
0.57 < T'< 0.59

Eq. 8

Table 3 represents the range of variation of tffergint components.

Table 3. Implicit constraints

The field of study was a space of four dimensicsiace there were four factors. The
experimental matrix generated a hyper polyhedralmbric analysis was performed using a
commercial software (Design Expert) dedicated fgpegimental mixture plans. The volume

proportion of each component was calculated basdtengiven criteria.

3.3. Parametric study

The optimal experimental matrix was defined to achireliable and effective results. The
dedicated software gives the mix proportions aftaltof 20 points for modelling. Table 4 presents
the determined arrangements of the 20 runs and ¢baiesponding responses. Six mixtures were
removed from the model design because they didneet the criteria of self-compactibility (having
a low workability and fluidity).

The water demand of the sediments was not considar¢his arrangement. It was added
separately for each mixture depending on the masediments. The significance of the model
(linear, quadratic, cubic, two-factor interactiogtc.), was investigated using robust software

(Design-Expert and SPSS) and using the statisticalel ANOVA (analysis of variances).

Table 4. Mix proportions and fresh properties & thixtures
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3.4. Preparation of specimens and Test methods

Mixture preparation was made according to NF EN-19Bl0] procedure. Tests were
conducted on fresh paste first. Using the mini gluilow diameter, the spreading out diameter
(Dsow) Was measured on a horizontal glass plate aféerd15 min to determine the workability. The
fluidity and the consistency were determined ushegy Marsh cone. The outflow timeg(l,) was
taken for 500 ml according to EN 445 standg#]. The rheological analysis was performed
between 5 and 7 min after starting the mixing ofena

The fresh pastes were poured in three 50-mm stibels; according to ASTM C 139 [53], and
allowed to fill under its own weight. The specimemsre removed from the moulds one day after
casting, and were placed in curing water at a teatpee of 20 +2 °C. At 28 days, the compressive
strength was measured in accordance with standaidvVAC109 [54].

Up to now there is no standard test method foruatalg the cohesiveness for a cementitious
paste. However, Kwan has developed a protocol @sore this parameter using a mini version of
the sieve segregation tga@¥,55] The standard test consists in evaluating theessagregation
index (SSI) by quantifying the portion of fresh SG&@nple (4.8 £0.2 kg) passing through a 5 mm
sieve, from a height of 50 +5 cm. Kwan suggestetesd, to pour about 400 g of paste onto a 0.3
mm sieve from a height of 300 mm. In this studystiprotocol was used to measure the

cohesiveness of the different pastes.

4. Resultsand discussion

The results of all the tests are presented in Table

Table 5. Results of all the conducted tests

4.1.Workability
The results of the ANOVA analysis on thel are provided in Table 6rhis model is
characterized by a®Rof 0.923 and a predicted® R0.844) in this case is in fair agreement with the

adjusted R (0.900). The Model F-value suggests that the mislaignificant. There is only a

11
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0.01% chance that such F-value could occur duigenA p-value below 0.05 indicates that the
model terms are significant. Values greater thah iddicate that the model terms are not
significant. The "Lack of Fit F-value" of 12.95 ihgs that the Lack of Fit is significant. There is
only a 0.69% chance that such “Lack of Fit F-valoetild occur due to noise.

Fig. 9 shows the slump flow responses in a tergaaph while fixing the cement proportion.
For the same proportion of sediments (e.g. 0.1h2)spread flow changes quickly from 140 to 185
mm, which means that the sediments have no effethis parameter. The spread flow was not
affected by the water content either; 180 mm cdwddobtained for a water range of variation
between 0.41 and 0.43. The orientation of hatchorfirms this fact. Again, thep®ontent appears
to be the dominant parameter in this ternary coatin. According to Gomes [56] the value

considered satisfactory for the flowing is 180 *iifh.
Table 6. ANOVA analyses of results for thg,D
Fig. 9. The counter plots for slump flow (mm): 208D plot

4.2. Flowability

The linear model was a match for the flowabilitheTresults of the ANOVA analysis on the
Tiow are presented in Table 7. This model is charasdrby a R of 0.888 and a predicted®R
(0.734) in this case is in fair agreement with #@itgusted R(0.854). The Model F-value suggests
that the model is significant. There is only a 0%1chance that such F-value could occur due to
noise. A p-value below 0.05 indicates that the mdelems are significant. The "Lack of Fit F-
value" of 4.72 implies a 5.69 % chance that a "Laickit F-value" could occur due to noise, which
is very low.

Fig. 10 shows the Marsh flow responses in a tergeaph while fixing the cement proportion
(four components generate a cubic form that is kaahalyze). While all three variables affect the

fluidity, the S content appears to be the dominant parametetemary combination.

12
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According to previous studies that used mini-sluamg Marsh cones [57-60], good paste
properties correspond to agdd > 165 mm and a gbw < 40s, depending on the ratios of the
concentration of solids to the total volume/Wy, and of the volume of water to the total volume

Vw/Vr.

Table 7. ANOVA analyses of results for thg, T

Fig. 10. The counter plots for Marsh flow [s]: 2@ 3D plot

4.3. Rheological properties

The paste rheology was characterized using a rheorard a plane geometry with variation
of the shear ratey) from 1 to 100 3. The following properties were determined: yieltess £o),
shear stresg), and viscosity(). The temperature was kept constant at 20+0.Th€.results fitted
perfectly the Bingham model (Table 5) with a cazéint of determination R>0.95 as depicted in
Fig. 11. This mixture can be characterized by ddystress of 2.990 Pa and a viscosity of 1.163
Pa.s.

A correlation analysis was performed using the cemnunal software SPSS 24. Spearman’s
correlation coefficient dspearmap Was used to investigate the correlation betweamables. The
Spearman correlation is a non-parametric test diogs not involve any assumptions about the
distribution of the data.

Fig. 12 shows a moderate correlation between thA/¥ ratio and both viscosity and shear
stress at a constant shear rate of I1H0re shear rate decreases with the increaseydf d/ratio
(pspearmarr - 0.908), and the viscosity decreases with theease of \(/V¢ ratio (spearmar - 0.904).

A correlation analysis between both Marsh flow gredd point with the mini-slump flow is
shown in Fig. 13. There is a strong relationshipween both propertiesidy and Diow (pspearmarr -
0.913), a low flowability generates a high worképiland vice-versa. There is also a strong

correlation between {3y and the yield pointpgpearmarr - 0.911).
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Fig. 14 presents a correlation between bogh, 2nd T, With the My/Vc ratio. There is a
strong relationship between thgyl ¢ ratio and the fresh propertiesyl? increases along with the
Vw/V¢ ratio pspearmarr 0.915), and theqb,, decreases while increasing th@/Vc ratio (Qspearmarr -
0.943). It is found that the good results (loywwI'& high Dyow) are associated with aywV ¢ ratio

greater than 1.

Fig. 11. The data from thé2mix fitted perfectly the Bingham model

Fig. 12. Range of the variation of viscosity andahstress corresponding ta\¥c variation

Fig. 13. Range of the variation of flowability apield point corresponding toy

Fig. 14. Range of the properties of the pastesesponding to V¢ variation

4.4.Cohesiveness
The sieve segregation index (SSI) for all the mieguis presented in Table 5. A low SSI
refers to a high cohesiveness and vice-versa. 8¢ fower than 10 % as recommendgsl,

which ensure that the SCC pastes have a goodistasila coherent mass.

4.5. Paste strength

Results of the compressive strength tests condumtethe pastes specimens are shown in
Table 5 and Fig. 15. The strength values are tleeage of three test specimens at the age of 28
days. As it is seen, the compressive strength vdram 78 to 101 MPa and by fixing cement
percentage to 0.442%, strength varies from 83 tdViPa. Treated sediments generated a low
reduction in compressive strength. However, frora trientation of hatching, thep Sontent
appears to be the dominant parameter in this tgrnambination. The compressive strength
increases with the increase ¢f @ntent. Compared to the reference paste, a caesipeestrength

of 85 MPa is required.

Fig. 15. The counter plots for compressive strerfiytRa): 2D and 3D plot
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5. Mixture optimization and validation of the model

The multi-criteria technique in Design-Expert albbws to set an optimization based on the
overlay plots. The objective of this study is toxina@ize the mass of incorporated sediments while
maintaining a good property of the pastes perfosaanDerringer and Suidiél] developed a

global desirability function, representedHn. 2

1
Eq. 9 D = (d* xdy? xd3* XX d")Emi

The combination of the different criteria is optimdor a D value close to 1. In Eq.9js the
relative importance assigned to the respdngdeis a comparative scale of weighing each of the
resultingd, varying from 1 to 5. Goals can be assigned to Hréables as to the responses and can
be one of the following: maximize, minimize, targetr in the range. Table 8 provides the
characterisation of the optimization function.

Fig. 16 shows the zone of desirability accordingh® overlay plot method. It suggests that
the volumetric amount of sediments in the mixtua@ ceach up to 14 %. Table 9 represents the
optimal paste proportions according to both funio

To assess the representability, repeatability,odyoribility, rapidity, and sensitivity of the
model, a series of experiments were conducted thighoptimal mixture proportions provided in
Table 9. Table 10 shows the results with their hiteaelative deviation (ARDM2,51] ARD is a
parameter expressed in %, as in Eqg. 10. It measeegredictability of the model and should not

exceed 10%.

Experimental — Model

x 100

Eq. 10 ARD (%) =

Experimental

According to Table 10, the results of the ARD ar¢hie desirable range (less than 10 %). The
model is validated by the small difference betwi#entheoretical and the experimental values. This

experimental study indicated that the volumetrimant of sediments in the mixtures can reach up
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to 14 %, in other words, sediments can replacesnenp to 0.29 as a sediments-to-cement-ratio,

0.30 as a water-to-cement-ratio, and 1.5 %pald&age in the extract sec of cement mass.

Table 8. Characterization of the desirability fuoct

Fig. 16 . Overlay plot optimization following theoposed criteria

Table 9. Composition of the optimal pastes

Table 10. Absolute relative deviation of the présticresponses

6. Concluson

The production of cement is a major concern toinld@strial and scientific community. The
process of producing 1 ton of cement releases dr@ud to 1.4 tons of COdepending on the
process in each country [62—66]. The replacemeatprt of the cement by treated sediments has a
major economic and environmental impact. Treatedinsents can play a relevant role in
sustainability.

This paper focuses on the study of the effect edittd sediments on the rheological, fresh,
and hardened properties of SCC pastes. The reit®nstrated that sediments can be used as a
supplementary cementitious material, with a volummeamount up to 14 % (S/C = 0.29). At the
economical level, this result is very encouragisgesially that the used sediments are naturally
available in large quantities and require lessggnar the treatment comparing to the cement.

A mix design method based on the statistical metdesign approach was used in order to
evaluate the influence of each component of the. mMixnumerical optimization efficiently
accomplished made it possible to design an SC pmsted on treated sediments. The statistical
analysis of the results highlighted the real reteeaof the measured effects on the various factors,
as well as their interactions on the responses.efieets of the factors and their interactions were

more significant than the uncertainties.
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The treated sediments improve the packing denditfhe cementitious materials. The
empirical tests on fresh properties performed @npastes correlate perfectly with the rheological
parameters of the SCC pastes, namely the sheas sired the viscosity. The rheological tests
performed less than 7 min after the start of mixangfirmed that the rheological behaviour of the
pastes evolves from young ages.

The developed mini version of sieve segregatiohisesery promoting protocol that can be
used as a foundation for a standardized test. E&urtisearch in this direction is suggested.

The use of different superplasticizers and visgasiients may affect the repeatability of the
results.

An extensive research is going on at our laborasorn order to evaluate the effect of

entrained air and viscosity agent on a SCC mixturerporating treated sediments.
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Fig. 1. Anton Paar Modular Compact Rheometer MOR 1
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Fig. 2. Process of treatment (from left to righedgment after drying, after grinding, after thermal
treatment)
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Table 1. Physical properties of cement and sediments

Specific area BET

Average diameter

I 3
components Density (kg/m?) (m2/kg) Dag (um)
Cement 3176 914 15.9
Raw sediments 2520 3652 5.90
Treated sediments 2851 2335 9.80




Table 2. Oxide composition of cement, raw and treated sediments using XRF (%)

Oxides | oowsediments 'eaed 1 e 505N
CompOSItlon sediments
S0, 388 36.4 173
AlLO; 110 101 5.41
MgO 2.69 262 123
Fe,0; 133 127 4.0
Ca0 233 26.0 62,8
Na,O 2.08 231 0.71
K0 2.08 1.65 0.76
P,0s 0.51 0.47 0.49
0, 437 543 4.49
TiO, 0.54 0.51 0.35
MnO 0.17 0.18 Traces
Zno 0.20 0.17 0.13




Table 3. Implicit constraints

Component volume S S E C

Coded A B C D

Lower constraints 0.009 0.000 0.410 0.412

Higher constraints 0.148 0.020 0.430 0.541
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Table 4. Mix proportions and fresh properties of the mixtures

Percentage of mixture volume

Relevant parameters

Run Sediments S | Water| Cement W/C SIC | WVp| SI/IC% | Vw/Vc
1 0.09 0.02| 0.42 0.47 0.24 0.16 0.79 2.10 0.93
2 0.09 0.02| 0.42 0.47 0.24 0.16 0.79 2.10 0.93
3 0.06 001 041 0.52 0.23 0.11 0.72 1.05 0.81
6 0.08 0.01| 043 0.48 0.25 0.15 0.79 1.05 0.92
7 0.12 0.02| 042 0.45 0.23 0.23 0.75 1.58 0.95
8 0.14 0.01| 0.42 0.43 0.24 0.30 0.75 1.05 1.01
9 0.08 0.01| 043 0.48 0.25 0.15 0.79 1.05 0.92

10 0.03 0.02| 042 0.53 0.24 0.05 0.79 2.10 0.83
12 0.14 0.01| 042 0.43 0.24 0.30 0.75 1.05 1.01
14 0.01 0.02| 043 0.54 0.25 0.01 0.82 2.10 0.83
15 0.14 0.02| 043 0.41 0.25 0.30 0.82 2.10 1.09
16 0.06 001 041 0.52 0.23 0.11 0.72 1.05 0.81
17 0.08 0.01| 043 0.48 0.25 0.15 0.79 1.05 0.92
20 0.14 0.02| 041 0.43 0.23 0.30 0.75 2.10 1.01
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Table 5. Results of all the conducted tests

Mini-slum . .
Mix diameter(ml?n) March Y_|eld Viscosity| ISS D_r y Compressive
NC cone point zg (Pas) | (%) weight strength
Afr;?; 1 Afr;?rf] 5| flow(s) | (Pa) | " (kg/m3)| (MPa) 28d

1 175 182 33.38 0.007 0.964 4.4 2110 97.6

2 167 170 55.28 2.990 1.163 5.9 2116 94.8

3 117 118 136.3 12.57 1.183 4.4 2150 95.3

4 - - - - - - - -

5 - - - - - - - -

6 141 143 66.47 6.051 0.853 2.0 2118 96.8

7 182 185 39.13 0.003 0.839 5.9 2083 90.0

8 173 173 34.47 2.052 0.600 4.5 2092 83.1

9 141 142 55.16 4.285 0.973 1.2 2125 82.3
10 137 138 95.16 19.50 2.186 1.2 2170 82.4
11 - - - - - - - -

12 163 164 26.94 1.395 0.586 0.8 2103 80.4
13 - - - - - - - -

14 130 130 110.7 21.89 2.448 1.3 2187 99.9

15 193 195 15.69 0.007 0.460 9.8 2062 78.8
16 108 108 142.1 26.76 1.519 1.2 2106 90.5
17 146 146 48.68 0.007 1.052 1.8 2117 88.9
18 - - - - - - - -

19 - - - - - - - -

20 195 196 21.16 0.004 0.856 8.1 2085 87.5
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Table 6. ANOVA analyses of results for the Dy oy

p-value
Source Sum of Squares oJf Mean Square F- ValueProlo S E
Model 8847 3 2949 40.06 < 0.0001
Linear Mixture 8847 3 2949 40.06 < 0.0001
Residual 736.2 10 73.62
Lack of Fit 683.4 5 136.7 12.95 0.0069
Pure Error 52.79 5 10.56
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Table 7. ANOVA analyses of results for the Tsow

p-value
Source Sum of Squares df Mean Square F—vaIueProIO > E
Model 20262 3 6754 26.41 < 0.0001
Linear Mixture 20262 3 6754 26.41 < 0.0001
Residual 2556 10 255.7
Lack of Fit 2110 5 422.0 4.72 0.0569
Pure Error 447.2 5 89.43
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Table 8. Characterization of the desirability function

Response and variables lower Upper Criteria
Workability (mm) 170 190 In range
Flowability () 15.6 40.0 In range
Cohesiveness (1SS %) 0.00 10.0 In range
Compressive strength (MPa) 85.0 99.9 In range




25 Table 9. Composition of the optimal pastes
Mixes Component Relevant parameters
C S $* W? | W/C| SIC | Mu/Vp | VW/Vc
Volume proportions (%) | 0.433 | 0.140 | 0.015 | 0.412
Dosage (kg/m”) 1375 | 399.2 | 15.00 | 4120 03010291 0.5 | 100
26
27

*In dry extract

% Plus the water demand of the sediments
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Table 10. Absolute relative deviation of the predicted responses

Response and variables Theoretical | Experimental ARD (%)
values values
Workability (mm) 177 174 4.1
Flowability (s) 38.2 34.7 9.5
Cohesiveness (1SS %) 7.55 7.12 6.0
Compressive strength (MPa) 85.7 81.2 5.5
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