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This paper aims to assess the influence of calcined dredging sediments (CFC) from Antwerp port as a new SCM on
the mechanical properties and shrinkage behaviour of concrete, where cement is replaced by 20, 30 and 40 wt%
of CFC. Experimental results are compared with the current prediction models. CFC blended cement develops
lower cumulative heat, compared to an OPC reference mix, resulting in a lower temperature development.
Although the strength development of a CFC concrete mix is slower than that of an OPC reference mix, CFC
concrete reaches higher compressive strength values after 28 days. Both autogenous and total shrinkage are
reduced by using CFC blended cement. The development of the mechanical properties can be well described
using the model from Eurocode 2, provided that the cement type dependent parameters were adjusted according
to the new blended cement system. The existing shrinkage prediction models are also parametrised. All
considered drying shrinkage models describe well the drying shrinkage development, while for autogenous
shrinkage, the Bazant B4 model appears to be the best predictor. The results clearly support the use of CFC as a
new SCM for the production of sustainable cement and concrete.

1. Introduction

As the world’s largest manufactured product by mass, cement is
responsible for 10% of the total anthropogenic CO, emissions, or about
6% of the total anthropogenic greenhouse gases [1]. Due to the rapid
population growth in developing countries and the enormous growth in
cement demand associated with it, the share of the cement production in
the global CO, emissions is only expected to increase [1,2]. The biggest
challenge of the cement industry nowadays is therefore the reduction of
these emissions, in order to contribute to achieving the United Nations
sustainable development goals [3]. An important and well-established
way to do so is by using supplementary cementitious materials (SCMs)
as partial cement replacement in concrete. The average
clinker-to-cement ratio currently equals around 73.7% [4], however,
there is a limited potential for further reduction, since the supply of the
most desirable high-quality SCMs (i.e. fly ash and blast furnace slag) is
decreasing [1,5,6]. This proves the need for new alternative sources of
SCMs.
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The utilisation of calcined clays as a pozzolanic material for concrete
has received considerable interest in recent years, as a part of the more
widely spread attention towards the use of wastes, locally available
minerals and industrial by-products as alternative SCMs [2,7]. Calcined
dredging sediments, initially containing a considerable amount of clay
minerals, are a promising new SCM for use in concrete [8-15]. Dredging
sediments are generated in large quantities. In the port of Antwerp,
Belgium, only about 450.000 tons dry matter of dredging sediments is
generated each year, while for Europe the yearly amount of dredging
sediments is estimated at 300 million tons. At present dredging sedi-
ments are mostly disposed of in marine repositories or landfilled,
causing a negative impact on the environment [16]. The beneficial reuse
of this dredging material as an SCM could thus provide a sustainable
solution, limiting landfilled waste and limiting extraction of natural
resources [13].

Several researchers have already studied the recycling of calcined
dredging sediments to replace a portion of the raw materials in the
production of Portland cement or as an SCM in concrete. Most studies
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have focused on the characterisation of the dredging sediments and their
behaviour in cement pastes and mortars [8,10,12-14]. The properties,
pozzolanic reactivity and hydration process of the calcined dredging
sediments from the port of Antwerp (henceforth called ‘calcined filter
cakes’ or CFC), were intensively investigated by the authors [12,14,15].
In order to assess the performance of concrete with CFC and predict the
serviceability and durability of a concrete structure, analysis of the
mechanical properties development and shrinkage behaviour, and pre-
diction of the time-dependent deformations (regarding associated
cracking risk) of the concrete are required. Only few studies have
investigated fresh and hardened (mechanical) properties of concrete
with calcined dredging sediments [9,11] and very limited research has
been performed regarding concrete shrinkage behaviour [11]. The aim
of this study therefore is twofold. The first objective is to study the in-
fluence of the addition of CFC on the mechanical properties develop-
ment and shrinkage behaviour of concrete, by experimental analysis.
The second objective is to assess the accuracy of existing mechanical
properties and shrinkage prediction models for the CFC blended cement
concretes. Finally, the behaviour of CFC is compared to the behaviour of
a commonly used SCM: siliceous coal combustion fly ash.

The development of the mechanical properties is predicted using the
model from Eurocode 2 [17]. This model is parameterised in order to
include the addition effect of CFC and different fitting methods are used
in order to validate the Eurocode 2 model. The shrinkage behaviour of
concrete is mostly predicted using empirical/phenomenological models
recommended by design codes. These models allow the extrapolation of
experimental data and the estimation of the shrinkage magnitude and
shrinkage rate. The most popular prediction models are: the CEB-FIP
Model Code 2010 model [18], the Eurocode 2 model [17], the ACI
209 model [19], the JSCE 2007 model [20] (all design code models), the
Gardner/Lockman GL2000 model [21] and the Bazant B4 model [22]
(academic models). These models all vary in precision, complexity and
parameters necessary for the calculation, and are all primarily based on
pure Portland cement concrete, without considering the systematic in-
clusion effect of SCMs. In order to take this effect into account, the
existing shrinkage prediction models need to be parameterised. Li
(2016) [23] modified two existing drying shrinkage prediction models
to take into account the inclusion of metakaolin and fly ash in the
cement matrix, based on a regression equation for predicting the ulti-
mate drying shrinkage. Abdalhmid et al. (2019) [24] assessed the
robustness of the existing shrinkage prediction models by studying the
influence of different parameters on the drying shrinkage strain of
concrete with addition of fly ash. Also Mokarem et al. (2005) [25]
assessed the accuracy of the existing shrinkage prediction models for
concrete including various SCMs. In this study, the cement type
dependent parameters of different existing shrinkage models are
adjusted to take into account the addition effect of CFC and fly ash.
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flash-calcined dredging sediments can be found in Refs. [12,14,15] and
the treated material is henceforth called CFC (calcined filter cakes). The
chemical composition of both cements and CFC is shown in Table 1. CFC
is mainly composed of SiO», besides the other major components of CaO,
Al;03 and Fe;03. The major mineral phases of the dredging sediments
comprise clays (2:1 clays and kaolinite), quartz, calcite and an amor-
phous phase. Flash calcination results in a dehydroxylation of the clay
minerals and decarbonation of the calcite. The dehydroxylated clay
minerals react with part of the free lime released to form an amorphous
reactive phase (+ 50 wt%), responsible for the pozzolanic reactivity.
CFC was found to be less reactive than metakaolin, but more reactive
than siliceous fly ash [12]. The BET specific surface areas of CEM I, CEM
II and CFC equal respectively 0.93 m?/g, 2.20 m?/g and 4.94 m?/g. The
mean particle size diameter (dsg) of CFC equals 16.8 pm (compared to
13.7 pm for OPC). Since the particle size distributions of CFC and OPC
are about the same, the higher specific surface area of CFC means an
increase in particle surface roughness (compared to OPC), negatively
influencing its water demand.

Natural river sand 0/4 and river gravel 4/14 were used as dry ag-
gregates and a PCE superplasticizer (Viscocrete ®-4035 M) was added to
all concrete mixtures, in order to control the workability. The super-
plasticizer has a dry matter content of 35 + 1.0% and a density of 1.08 +
0.01 kg/1.

2.2. Mix design

Five different concrete compositions, including two reference mixes
and three CFC blended cement mixtures, were studied. The reference
mixes (RC I and RC II) were produced by using respectively CEM 152.5N
and CEM II/B-V 42.5 N. The three blended cement mixtures (CFC 20,
CFC 30 and CFC 40) were made by replacing OPC with respectively 20,
30 and 40 wt% CFC. The mix compositions of the studied concretes are
shown in Table 2. The W/B ratio was kept constant as 0.45 and a PCE
superplasticizer was added in order to keep the workability of the fresh
concrete mixes also constant. A slump class S2 was targeted and the
dosage of superplasticizer was determined experimentally, by means of
trial and error testing. Both the slump values, as well as the air content of
the different fresh concrete mixes can also be found in Table 2. It is
observed that no superplasticizer was needed for the reference mix with
fly ash (RC II), since the spherical shape and glassy surface of the fly ash
particles permit sufficient workability [26,27]. The amount of super-
plasticizer of the CFC blended cement mixes, on the other hand, had to
be increased for increasing amount of CFC, due to the high specific

Table 2
Mix proportions of the concrete mixtures.

Moreover, comparisons between the models are systematically made in RCI  RCII CFC20 CFC30 CFC40
order to select the best predictive one. Sand 0/4 [kg/m3] 640 640 640 640 640
Gravel 4/14 [kg/m?] 1225 1225 1225 1225 1225
2. Materials and methods CEM152.5N [kg/m?] 360 - 288 252 216
CEMII/B-V 425N  [kg/m®] - 360 - - -
. CFC [kg/m3] - - 72 108 144
2.1. Materials Water [I/m%] 162 162 162 162 162
Superplasticizer [wt. 0.35 0.20 0.55 0.70 0.75
CEM I 52.5 N (ordinary Portland cement) and CEM II/B-V 42.5 N %/B]
(Portland cement containing 21-35% of fly ash (FA)) are used as two W/B -1 0.45 045 045 0.45 0.45
fi ts. The dredging sediments from th rt of Antwerp ar: Slump [(mm] 0 80 40 %0 60
reference cements. . e dredging se : ents fro e pp o nt erp are Air content %] 26 24 L8 24 23
used as an alternative SCM. Properties and pozzolanic reactivity of the
Table 1
Chemical composition [wt.%] of the cementitious materials.
Al,03 Sio, Fe,03 Ca0 MgO NayO K,0 P,05 LOI
CEM I 4.9 14.0 2.8 57.4 1.6 0.5 0.9 0.3 2.7
CEM II 11.3 22.0 4.0 45.2 1.8 0.9 1.5 0.6 2.2
CFC 13.0 42.0 9.7 12.5 2.2 1.4 3.4 0.8 1.7
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surface area of the CFC particles.

2.3. Test methods

2.3.1. Heat of hydration

The heat flow of the concrete mixtures was measured using an
isothermal heat conduction calorimeter (3 channel TAM AIR). Samples
of 140 + 5 g of concrete were taken at the end of mixing and the first
measurements were acquired less than 10 min after the first contact
between water and cement.

2.3.2. Mechanical properties

Both the compressive strength, tensile splitting strength and static
elastic modulus were investigated according to the European standards,
using three test specimens for each testing age. Compressive strength of
the concrete mixes was determined on cubes (150 x 150 x 150 mm)
according to EN 12390-3. Strength measurements were performed at
early ages (12 h, 24 h and 48 h after mixing) and after 7, 28 and 90 days.
Tensile splitting strength was determined according to EN 12390-6 on
cylindrical specimens (¢p150 x 300 mm) after 1, 2 and 7 days. From the
tensile splitting strength (f..sp), the tensile strength (f.) can be derived
as [17]:

fou =091 (€Y

The static elastic modulus finally, was determined according to EN
12390-13 on cylindrical specimens ($150 x 300 mm) after 1, 2 and 7
days.

2.3.3. Autogenous shrinkage

The autogenous shrinkage strains of the studied concretes were
measured using a BTJADE device (see Fig. 1). This device is developed
by Boulay [28] and is specially designed for autogenous shrinkage
measurements of concrete at early ages. The test rig is composed of a
flexible corrugated PVC mould - in which the concrete is cast - and a steel
frame with fixed metallic parts. The whole frame is placed in a
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Fig. 1. BTJADE device, adapted from Ref. [29].
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thermo-controlled bath to keep a constant temperature of 20 °C and a
stress free state. A thermocouple is inserted into the concrete specimen
to continuously measure the temperature inside the sample and the
strains are measured by an external linear displacement sensor. The
water temperature and temperature of the air above the cover of the
tank are also continuously monitored. This allows calculating the
‘actual’ autogenous strains (€,,) as the measured strains (€meas) minus
the thermal strains (ey,), minus the strains as a result of the temperature
variation around the sensor (g), minus the strains resulting from the
reaction of the frame (exm):

— &5 — €m 2

The reported autogenous shrinkage results are the average values of
two measurements on two different batches of concrete.

€au = Emeas — €

2.3.4. Total shrinkage

Drying shrinkage measurements were performed on cylindrical
concrete specimens with a diameter of 120 mm and a height of 300 mm.
A schematic overview of the drying shrinkage set-up is shown in Fig. 2,
adapted from Ref. [30]. The specimens are installed in a frame made of
brass, where a bottom ring is immovably fixed to the concrete specimen
by means of three points, while an upper ring is only fixed in two
opposite points, allowing the ring to rotate around the axis formed by
the two fixation points. The two rings are connected to each other at two
sides. At one side by a small bar and a spring (to keep the bar under
pressure), in order to provide a fixed distance between the two rings at
this side. At the other side by a second bar, holding at one end the core of
an LVDT (Linear Variable Differential Transducer), in order to measure
the relative displacement between the two rings. The time-dependent
strains are then continuously measured by means of LVDT’s and the
concrete strains are then calculated as:

16, — 9

3)

with Lo the LVDT measuring base (= 200 mm) and &, and &, respectively
the LVDT reading at time t and at the start of drying (= 1 day) [30]. The
reported results are the average values of measurements on three
cylinders.

3. Results and discussion

3.1. Heat of hydration

The results of the calorimetry measurements are shown in Fig. 3 and
Fig. 4. The heat flow and cumulative heat of the concrete mixes follow

upper ring

spring

bar

bottom ring

Fig. 2. Drying shrinkage set-up.
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the same trend as the cement paste results [15]. Addition of CFC and FA
results in a lower hydration peak, due to the dilution effect. The hy-
dration of the CFC mixes is also delayed compared to the hydration of
both reference mixes. This retardation, however, is not caused by the
presence of CFC, but by the addition of the PCE superplasticizer,
delaying the cement hydration proportional to the added amount [15].
Addition of more superplasticizer thus results in a stronger retardation
of the cement hydration. From Fig. 4 it is clear that the replacement ratio
of CFC has almost no influence on the cumulative heat development and
that for the CFC mixes more cumulative heat is released compared to the
reference mix with fly ash (RC II), but less compared to the OPC refer-
ence mix (RC ).

3.2. Mechanical properties

The average results of the compressive strength, tensile strength and
static Young’s modulus are shown in Figs. 5-7, with the error bars
indicating the standard deviation. After 12 h (0.5 day), the CFC blended
cement mixes show the lowest compressive strength (Fig. 5). This can be
explained by the higher amount of superplasticizer, delaying the setting
to more than 12 h after casting. From 1 day up to 7 days, the compressive
strength of the CFC blended cement mixes notably increases, surpassing
the compressive strength of the fly ash cement concrete (RC II) and from
28 days on, overtaking even the compressive strength of the OPC

4
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3.5 | | RC || i
" | |EEEECFC 20
I CFC 30
3 + [T CFC 40 1
25+
2 L

Tensile strength [MPa]
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05r
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Fig. 6. Tensile strength development of the different concrete mixes up to
7 days.
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Fig. 5. Compressive strength development of the different concrete mixes up to 90 days.
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Fig. 7. Static E-modulus development of the different concrete mixes up to
7 days.

reference mix (RC I). The filler effect and pozzolanic reaction of CFC
explain this behaviour. A slightly lower compressive strength for higher
replacement levels of CFC is also visible, however, this difference is
negligible at later ages. For the tensile strength (Fig. 6) the same general
trends are visible. However, no relationship between the amount of CFC
and the tensile strength can be observed. This is the result of the higher
standard deviations of the tensile strength results, compared to the
compressive strength results, making it difficult to observe any trend.
These deviations can be explained by the indirect character of the tensile
splitting strength test and the heterogeneity of the concrete specimens.
The static E-modulus (Fig. 7), on the other hand, shows a faster devel-
opment and less differences are observed between the different mixes.

3.3. Autogenous shrinkage

The average autogenous shrinkage strains, measured with the
BTJADE device, are shown in Fig. 8, plotted from final setting. The final

Autogenous shrinkage strains [um/m]
A
o

4
o
‘

-80
0.25 0.5 1 2 4 8 16
Time [days]

Fig. 8. Autogenous shrinkage development of the different concrete mixes up
to 14 days.
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setting time was determined based on ultrasonic measurements, using
the SEJ** criteria from Ref. [31]. Negative values in Fig. 8 correspond to
contraction/shrinkage of the concrete specimen, while positive values
correspond to dilation/swelling. At early ages (< 24 h), the autogenous
shrinkage of the CFC mixes is slightly higher than the autogenous
shrinkage of the reference mixes. This is most probably due to the slower
hydration and slower development of a solid matrix of the CFC mixes.
However, from 24 h on, the addition of CFC clearly results in a decrease
of the autogenous shrinkage by self-desiccation, compared to the OPC
reference mix (RC I). Compared to the reference mix with fly ash (RC II),
the shrinkage behaviour of CFC is quite similar. The lower shrinkage of
the blended cement concretes can be explained by the dilution effect and
the occurrence of a small swelling peak after about 1 day. This swelling
peak was already observed for cement paste mixes and was attributed to
the formation of ettringite [15]. A lower autogenous shrinkage for
concrete mixtures with fly ash was already reported by other researchers
[32-36] and was attributed to the low reactivity of fly ash, the inhibited
hydration reaction at early age and the dilution effect [33,34]. Bouha-
mou et al. [11] also reported lower autogenous deformations for a
concrete mix with addition of calcined mud.

3.4. Total shrinkage

The average results of the total shrinkage strains are shown in Fig. 9
(negative values correspond to shrinkage). The total shrinkage was only
measured for the two CFC mixes with the highest replacement ratio (CFC
30 and CFC 40), in which the highest impact of CFC was expected. Also
for the total shrinkage, lower values are observed for the CFC blended
cement mixes. This can be explained by the dilution effect, the reduced
hydration rate and the altered porosity of the CFC blended cement
concretes. The RC II mix follows the same trend as the CFC blended
cement mixes at early ages. However, from about 7 days the total
shrinkage of the RC II mix starts to increase more, and reaches about the
same values as the RC I mix. A decrease in total shrinkage was also
observed for concrete with addition of calcined mud [11]. However, for
concrete mixes with fly ash, both a decrease and increase in total
shrinkage are reported in literature [24,32-34,37].
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Fig. 9. Total shrinkage development of the different concrete mixes up to
90 days.
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4. Modelling
4.1. Temperature development

Model. In order to determine the evolution of temperature (T) inside
a concrete element, the energy balance equation, which includes the
heat release due to the hydration reaction, is solved [38-40]:

C-T=V-(k-VT)+Q 4

where C is the volumetric heat capacity [J/rn3/K], k is the thermal
conductivity [W/m/K] and Q is the cumulative heat release [J/m3].
Since the volumetric heat capacity and thermal conductivity can be
considered as constant in space and time, the heat equation can be
expressed as:

C-T=kAT+0Q (5)

The heat source term (Q) comes from the exothermic hydration re-
action and can be expressed as:

Q=L¢ (6)

where L is the latent heat of hydration [J/m®] and ¢ is the rate of degree
of hydration [—]. Since the hydration of cement paste is a thermo-
activated process, the evolution of the degree of hydration can be ob-
tained by using an Arrhenius type law [41]:

. E. /1 1
E=A(§)-exp (i (@ - f) ) @

where E, is the activation energy [J/mol], R is the ideal gas constant
[8.314 J/mol/K] and A(ﬁ) is the chemical affinity [1/h].

The boundary conditions for early-age concrete are assumed to be of
the convective type. Convection refers to the heat transfer occurring
between the concrete surface and the surrounding air [38,42]. The
imposed heat flux (¢) equals:

(P:h(Ts _Text)'n (8)

where h is the coefficient of heat exchange by convection [W/mZ/K], Ts
is the surface temperature [K], Tex is the ambient temperature [K] and n
is the normal unit vector to the surface.

Parameter identification. The latent heat of hydration L and the
chemical affinity A(¢) can be obtained experimentally from isothermal
calorimetry results. The determination of these parameters mainly
consists of extrapolating the laboratory test results, by fitting mathe-
matical models to the experimental observations. The development of
the cumulative heat Q (and the hydration in general) in time can be best
represented by an exponential/S-shaped mathematical model:

Q) =Quep(-)' ©

where Q, is the ultimate cumulative heat (equal to the latent heat of
hydration L), 7 is the hydration time parameter and p is the hydration
shape parameter (all fitting parameters).

The normalised affinity A(&) characterises the macroscopic hydra-
tion kinetics for a given concrete mixture and is associated with the
micro-diffusion process of water reacting with unhydrated cement [39,
43]. The chemical affinity A(¢) can be calculated from the experimental
data using the following equation:

_ g . (11
A() :%expf‘ (EE (ﬁ ‘T)) ao

and several models could be used to describe this process. Cervera et al.
[43] developed the following analytical form:
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- k: [ As _ &
A(E)=—- 5 . —£). _f.= 11
© Neo <k§.§oo * é) €. -8 exp( L §m> an

where &, is the final degree of hydration and ke, Az, 1 and 7 are
material constants. In order to reduce the amount of parameters, the
following equation will be used to describe the chemical affinity:

e (-8) (- (0)

A

where pf = e
20

& = kf—g’, 7N (and &) are then considered as the fitting

parameters.

Results. The results of the modelled cumulative heat are shown in
Fig. 10, compared to the experimental results. It is observed that the
development of the modelled cumulative heat corresponds well to the
development of the experimental data.

The temperature development of the different concrete compositions
as a function of time and distance from the center of the specimen is
shown in Fig. 11, assuming the boundary conditions summarized in
Table 3. The thickness of the specimen is chosen as 1.2 m, representing a
massive structure. The maximal temperature developed in the structure
is also shown on the graphs in Fig. 11. The model indicates that the RC I
concrete mix reaches the highest maximal temperature, while the
blended cement mixes show lower maximal temperatures. This can be
explained by the lower cumulative heat of the blended cement mixes,
compared to the RC I reference mix. The temperature difference be-
tween the three CFC blended cement mixes is negligible.

4.2. Mechanical properties development

Model. According to Eurocode 2 (2010) [17], the development of the
studied mechanical properties in time can be described by the following
equations:

X (teg) = Xag By (teg)™ 13)

.. _ 28 — 1o
= a9

where X is the studied mechanical material property, Xog is the value of
the material property after 28 days, fx is a function describing the

Px =exp
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Fig. 10. Cumulative heat of the different concrete mixes: comparison between
the experiments (full lines) and model (dashed lines).
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Fig. 11. Temperature development of the different concrete mixes as a function of time and distance from the center of the specimen.

Table 3
Boundary conditions and thickness used to solve the heat
equation.
Initial temperature Ty 20°C
External temperature Texe 20 °C
Convection coefficient h 17.5 W/m?/K
Thickness e 1.2m

development of the material property in time, ny is an aging parameter, s
is a coefficient depending on the type of cement, ty is the final setting
time and teq is the equivalent time, which can be derived from the
temperature development as:

=Y ep(E (L 1)) as)
W= 2P R\ 293 T

with t the age of the concrete.
For the compressive strength (f.), tensile strength (f.), and static
Young’s modulus (E.), the equations become:

28—t )]
16
teq_toﬂ (16)

f. (teq) =f5-exp [s~ <1 —

Dfee
28 —to
fe(teq) =fengexp|s-[ 1 — 17
l( q) 128 P|: < teqt0>:| an
Ec(teq):Eczg'CXp s[1-— 8-k (18)
teq 7t0

Parameter identification. Since the coefficient s is a cement type
dependent parameter, it is constant for all three material properties.
According to Eurocode 2 [17], the value of s should be equal to 0.20 for
class R cement (and CEM 52.5 N), 0.25 for class N cement (and CEM
32.5R) and 0.38 for class S cement (and CEM 32.5 N). However, Kanstad
et al. [44] found values of 0.12-0.22 for blended cements, Darquennes
and Benboudjema [45] found values of 0.09-0.23 for alkali activated
blended cements and Klemczak et al. [46] found values of 0.20-0.38 for
cements with mineral additives. This demonstrates the importance of
experimental data to accurately determine the coefficient s, especially
for (new) blended cement systems. The experimental results of the
compressive strength were used here to determine this coefficient s, for
multiple reasons: compressive strength tests were performed at six
different points of time (while tensile strength and static Young’s
modulus test were only performed at three different points of time), the
compressive strength test is a direct test and is easy to perform, and the
experimental error and statistical scatter of the compressive strength
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results were smallest.

In literature, only one value for ng. is found: 1 [17,18,44]. In order to
validate this value for blended cement concretes, model fitting was done
both with taking n¢. equal to 1 and with taking n¢. as a fitting parameter.
Since experimental data of the compressive strength after 28 days is
available, parameter f.og can be taken, or as the experimentally deter-
mined value, or as a fitting parameter. Both options were considered.
The above described methodology leads to four different ‘fitting’
methods in order to validate the Eurocode 2 model (Eq. (13) and (14))
for new blended cement systems, summarized in Table 4. The resulting
parameters of the model fitting can be found in Table 5. It was chosen to
only consider one parameter s and one parameter ny, for the three CFC
blended cement systems, since these parameters are cement/binder type
dependent parameters and in this way, one general/uniform value is
valid for all CFC mixes.

It can be seen from Table 5 that the values of s are lower than the
values predicted by Eurocode 2 [17] for cement with normal strength
development. However, they are in the range of the values found by
Kanstad [44] for blended cements. Compared to the OPC reference mix
(RC 1), the values of s are higher for the blended cement mixes,
demonstrating a slower mechanical properties development of the
blended cement mixes. In order to compare the four different fitting
methods, an average root mean square error (RMSE) is calculated per
method. The RMSE of the different methods is also shown in Table 5 and
is calculated as:

RMSE = 19)

with y; the modelled values of the compressive strength, y; the experi-
mental values of the compressive strength and n the amount of data
points. Remarkable is the fact that the RMSE’s of methods A & Cand B &
D are exactly the same. This proves that the results of fitting methods C
and D are not unique and that both methods do not contribute to a better
fitting. Comparing the errors of method A and B, method B shows a
slightly lower RMSE, resulting in a slightly better fit. However, since the
difference in RMSE is very small and in order to keep the amount of
fitting parameters as low as possible, it is chosen to retain the values of
method A. The Eurocode 2 model for describing the compressive
strength development, is thus proven to be also valid for new blended
cement mixtures, provided that parameter s is adjusted according to the
new blended cement system.

Since the values of the aging parameters n¢¢ and ng. vary consider-
ably in literature (from 0.5 to 1 for ng and from 0.3 to 0.5 for ng. [17,18,
44]), these values are taken as fitting parameters. Since the tensile
strength and static E-modulus were not determined experimentally after
28 days, the parameters f.og and Ecog were also considered as fitting
parameters. The results of the model fitting can be found in Table 6. The
values of ng are in the range of the values found in literature, while the
values of ng. were lower than the ones predicted by literature, meaning
that the development of the static E-modulus is faster than in literature.

Results. In Figs. 12-14 the development of the considered mechan-
ical properties according to Eurocode 2 is plotted. For the compressive
strength, the RC I mix reaches the highest values during early ages. From
the age of 4.5 days approximately, the compressive strength of the CFC

Table 4
Different methods for model fitting of the compressive strength results according
to Eq. (16).

S Nfe feos
Method A fitting parameter 1 femos
Method B fitting parameter 1 fitting parameter
Method C fitting parameter fitting parameter femos
Method D fitting parameter fitting parameter fitting parameter
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20 mix surpass the compressive strength of the RC I mix and later on,
also the compressive strength of CFC 30 and CFC 40 overtake the
compressive strength values of RC I. After approximately 14 days, the
values of the compressive strength of all CFC blended cement mixes thus
surpass the RC I compressive strength values. The values of the
compressive strength of the RC Il mix with fly ash are remarkable lower.
Regarding the tensile strength, on the other hand, the RC I mix always
reaches the highest values, followed by the CFC mixes and the RC Il mix.
The static elastic modulus of the CFC 20 mix reaches the highest values,
while there is a gradually decrease of the final static elastic modulus
values for increasing replacement of CFC.

In Figs. 15-17, the relative values of the mechanical properties are
plotted. The curves of all CFC mixes overlap, since the same cement type
dependent parameter s and the same aging parameters n are used. In
contrast to the absolute values of the compressive strength, the RC I mix
reaches the highest relative values, so the strength development is the
fastest, while the development of the blended cement mixes is relatively
slower. It is also observed that the compressive strength development of
the CFC mixes is slightly slower than the development of the RC II mix
with fly ash. So although the CFC mixes reach the highest absolute
compressive strength values (see Fig. 12), the development of their
strength is slower compared to the two reference mixes. This was
already visible in the higher value of s for the CFC blended cement mixes
(see Table 6), compared to the two reference mixes. For both the tensile
strength and static elastic modulus, the same behaviour is observed. The
RC I and RC II mixes show the fastest development of the mechanical
properties, while the CFC blended cement concretes show a slower
development. This behaviour is known for blended cement concretes
and can be explained by the pozzolanic reaction, taking place much later
than the hydration reactions, slowing down the strength development.

4.3. Shrinkage development

Empirical shrinkage models generally describe shrinkage as the
product of two terms: the final/ultimate shrinkage ¢, (a magnitude
function) and the shrinkage rate f or S (a time function). For autogenous
shrinkage, the general equation is:

€au(t) = Eaueo*P(1) (20)

where €,,, is the ultimate autogenous shrinkage, depending on the
concrete mix design and mechanical properties, and f(t) is the autoge-
nous rate function. For drying shrinkage, the general equation is:

€ar(t) = €aroo (RH, T)-S(t, t;, ho) 2D

where g4, (RH, T), the ultimate drying shrinkage, depends both on the
concrete mix design and mechanical properties, as well as on the initial
and external conditions: temperature (T) and relative humidity (RH).
The rate function S(t, t;,ho) depends on the age of the concrete (t), the
age of the concrete at the start of drying (t;) and the notional size of the
specimen (hg), defined as:

2.V
ho="5"

(22)
where V is the volume and S the drying surface of the specimen. In this
case the notional size is taken as D/2 (with D the diameter of the
specimen), neglecting drying at the top and bottom of the specimen. This
assumption is acceptable, since the ratio of the height of the specimen to
the diameter of the specimen, is relatively high (i.e. 2.5).

4.3.1. Autogenous shrinkage

For autogenous shrinkage, five different existing models are
considered: the Bazant B4 model [22], the Eurocode 2 model [17], the
Model Code 2010 model [18], the f-n model (see Eq. (13) and (14)) and
a model described by Rifai [47]. The expressions of the different
autogenous shrinkage models, in function of the equivalent time (teq),
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Table 5
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Parameters of the compressive strength development according to Eq. (16), using four different fitting methodologies (see Table 4). The values in italic are fitting

parameters. f.pg in MPa.

Method A Method B Method C Method D
s Nfe feos s Nfe feos s Ny feos S nge fe2s
RCI 0.14 1 62.28 0.15 1 64.30 0.15 0.97 62.28 0.17 0.90 64.30
RCII 0.20 1 47.16 0.21 1 47.88 0.21 0.97 47.16 0.22 0.95 47.88
CFC 20 0.23 1 71.72 0.22 1 69.18 0.24 0.96 71.72 0.24 0.94 69.18
CFC 30 0.23 1 65.97 0.22 1 67.43 0.24 0.96 65.97 0.24 0.94 67.43
CFC 40 0.23 1 64.76 0.22 1 63.74 0.24 0.96 64.76 0.24 0.94 63.68
RMSE 2.28 MPa 1.97 MPa 2.28 MPa 1.97 MPa
Table 6 4
Parameters of the tensile strength and static E-modulus development according
to Eq.(17) and (18). 35| i

s Nfet fetos Ngc Ec2s
RCI 0.14 0.97 3.38 0.29 34.00
RCII 0.20 0.61 2.35 0.20 31.51
CFC 20 0.23 0.65 3.04 0.23 36.22
CFC 30 0.23 0.65 2.75 0.23 33.96
CFC 40 0.23 0.65 2.83 0.23 31.80
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o
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=
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Fig. 12. Compressive strength model of the different concrete compositions,
compared to the experimental data.

are summarized below. The autogenous shrinkage only starts to develop
from the moment of final setting (to).

e Bazant B4 model

’tau oy
e (2]

where €4, (the final autogenous shrinkage), 7, (the autogenous
shrinkage halftime), a and r; are cement type dependent parameters,
determined by fitting the experimental results to the model [22].

(23)

e Eurocode 2 model (EC 2 model)
€au (teq) = €au(00) By, (teq) 24)

with g,y (o0) the final autogenous shrinkage and f,,(teq) the time func-
tion, described as:

Tensile strength [MPa]
N

15+
RCI
1F RC1I b
CFC 20
CFC 30
057 CFC 40
X experiments
O 1 1 1 1 1 1
0 4 8 12 16 20 24 28

Equivalent time [days]

Fig. 13. Tensile strength model of the different concrete compositions,
compared to the experimental data.
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Fig. 14. Static E-modulus model of the different concrete compositions,
compared to the experimental data.
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Fig. 16. Relative tensile strength development of the different concrete mixes.

€u(00) =25 (fy — 10)-10°° (25)

Bau(teg) =1 —exp(— 0.2+ \/1eg — o) (26)

with f, the characteristic compressive strength of the concrete [17].

e Model Code 2010 model (MC 2010 model)

€au (teCI) = €00 (fem) Bou (te‘l) @7)

with &,y 0(fcm) the notional autogenous shrinkage coefficient and B, (teq)
the time function, described as:

f 25
_ . cm 10-6
eau,O(fcm)f oy (60+f‘,m) 10 (28)
Bau (teq) =1- exp( —0.2-y/teg —to ) (29)
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Fig. 17. Relative static E-modulus development of the different concrete mixes.

with o, @ cement type dependent parameter, considered here as a fitting
parameter, and f., the mean concrete compressive strength [18].

e (-n model

Eau (teq) = €au.28 'Beﬂu (teq) e (30)

with g,,28 the autogenous shrinkage value after 28 days and ng,, an
aging parameter, both considered as fitting parameters. f, (teq) is the
time function, described as:

28 — 1t

teg — o
with s a cement type dependent parameter, already determined for
every concrete composition in 4.2.

(31

Be,., (teq) =exp {s- (1 —

e Rifai model

teg — 1
€au (teq) =y, +A -exp( — cqtil") +A2-exp< -

5]
with yo, A1, Ag, t; and ty all fitting parameters [47].

It should be noted that for the Bazant B4 model, a simplified model
from Ref. [22] is used. Parameters €y, Tau, @ and r; are directly
considered as cement type dependent fitting parameters, rather than
calculating them from an even larger set of cement type dependent
parameters. It should also be remarked that all models, except for the
Eurocode 2 model, depend on one or more cement type depending pa-
rameters, which are all considered as fitting parameters. The amount of
fitting parameters strongly determines the goodness of fit. The Eurocode
2 model does not depend on the cement type, only on the compressive
strength of the concrete mix. Furthermore, the Rifai model does not
follow the general mathematical formula for autogenous shrinkage
development (see Eq. (20)), but uses a different formulation. Finally, all
cement type dependent fitting parameters of the CFC mixes are (as also
with the cement type dependent mechanical properties parameters)
taken as constant, in order to get general/uniform cement type depen-
dent parameters for all CFC mixes.

The results of the model fitting are presented in Fig. 18. At first sight,
it is remarkable that the Eurocode 2 model and Model Code 2010 model
deviate the most from the experimental results, both at very early ages,
as well as at later ages. Since the same time functions  were used for
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Fig. 18. Different autogenous shrinkage models for the different concrete mixes, compared with the experimental results.

both models, the models follow the same shrinkage development,
slightly differing due to a different final autogenous shrinkage value.
The other three models (Bazant model, -n model and Rifai model) all
predict the autogenous shrinkage quite well. The small autogenous
swelling which is observed for the CFC mixes, however, cannot be taken
into account in the different models. At early ages all models therefore
over- or underestimate the real autogenous shrinkage.

In order to compare the different models and determine the best
predictor, a root mean square error (RMSE) is determined. The RMSE of
the different autogenous shrinkage models for the different concrete
compositions is shown in Fig. 19. As already noticed in Fig. 18, the EC 2
and MC 2010 models show the biggest error. The difference in error
between the other three models is quite small. The small errors of the
Bazant model and the Rifai model are quite obvious, since for these
models, respectively 4 and 5 fitting parameters were considered. Over-
all, the Bazant B4 model can be considered as the best predictor for
autogenous shrinkage, both for the traditional concrete mix as for the
blended cement mixtures.

11

4.3.2. Drying/total shrinkage

For drying shrinkage, four different existing models are considered:
the Bazant B4 model [22], the Eurocode 2 model [17], the Model Code
2010 model [18] and the p-n model. The expressions of the different
drying models are summarized below.

e Bazant B4 model

Ear (i t:) = €dreo (t:) “knS (f) (33)

where t; is the temperature corrected age at start of drying (tseq) and t is

the temperature corrected duration of drying (teq — tseq). The humidity

dependent correction factor kh and the time curve S(t) are respectively

given by:

o — 1-n h <0.98
" 12.94

(1-h)—02 098<h<1 34)
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Fig. 19. RMSE of the different autogenous shrinkage models for the different
concrete compositions.

| =

S(f) =tanh (35)

a

dr

with h the ambient relative humidity and 74, the drying shrinkage
halftime, which is:

Tar =To - kea+ (Ks-ho)? (36)

with 1y a cement type dependent parameter, k;, an aggregate dependent
parameter, k; a parameter depending on the geometry of the specimen
and hg the notional size or effective thickness of the specimen. The final
drying shrinkage (e4r,) and the parameter 7, are cement type dependent
parameters, determined by fitting the experimental results to the model.

e Eurocode 2 model

Edr (teq) =k - 8dr.,()'ﬁdr (teqa ts) (37)

with ky, a coefficient depending on the effective thickness (hy), 4,0 the
nominal unrestrained drying shrinkage value and Py, (teq,ts) the time
function, respectively described as:

(38)

f‘m
€40 =0.85- {(220+ 110 - 01 -exp( — gy ~f“ )} 107 By
cmO

(teq — tS)

Bar (teqs 1) =
T (g —1) 004/}

with ogq and ago coefficients depending on the type of cement, here
considered as fitting parameters, f.;, the mean concrete compressive
strength, f.yno equal to 10 MPa and Bgy a relative humidity dependent
coefficient, described as:

(39

Bry = 1.55- {1 - (ﬁ—i)z} (40)
with RH the ambient relative humidity and RHy equal to 100%.

e Model Code 2010 model
() =2ar0 (Fem) P (RH)-Bo (1 ) (41)
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with €4, 0(fem) the notional drying shrinkage coefficient, gy (RH) a co-
efficient taking into account the effect of the ambient relative humidity
and By, (teq. ts) @ time function, respectively described as:

€4r.0(fem) = [(220 4+ 110 - 0tgy1 ) - exp( — Car 'fcm)]~10*6 42)
Bry (RH) = {
i) (43)
~1.55- {1 - <ﬁ) }40§RH <99-B,0.25RH>99-p,,
Bar(te0-t.) = (t — 1) .

(teg — &) +0.035-h]

with ag1 and o4 coefficients depending on the type of cement, here
considered as fitting parameters, f., the mean concrete compressive

strength, RH the ambient relative humidity and p,, equal to (35/fc,)°".

e f-n model

€dr (teq) = €418 Py, (teq)ncd' (45)
with &4 g the drying shrinkage value after 28 days and ng,, an aging
parameter, both considered as fitting parameters. f,  is the time func-

tion, described as:
28 —tg
teg — &

B, =€XP |:s- (1 -

with s a cement type dependent parameter, already determined in 4.2.

All drying shrinkage models, except for the f-n model, are depending
both on the effective/notional size (hy) and on the ambient relative
humidity (RH). It should also be remarked that only the Eurocode 2 and
Model Code 2010 models depend on the compressive strength of the
concrete mix. Furthermore, all models have the same amount of cement
type dependent parameters and thus the same amount of fitting pa-
rameters. Also here, these parameters are taken constant for all CFC
mixes.

The measured total shrinkage strains are the sum of the drying and
autogenous shrinkage strains. The above described models for drying
shrinkage thus only apply for a part of the measured deformations. In
order to also take the autogenous deformations into account, the total
shrinkage results are modelled as the sum of the autogenous shrinkage
strains and the drying shrinkage strains, using the previously found
parameters for the autogenous shrinkage models. The results of the
combined model fitting are presented in Fig. 20 and the RMSE of the
different models is shown in Fig. 21. What stands out immediately is the
fact that the total shrinkage model curves do not all start at the same
point. This is due to the fact that the previous autogenous shrinkage
models are taken into account, and at the moment of start of drying,
already some autogenous shrinkage has developed. In general, all four
models show a quite good fit, especially at later ages. During the very
early ages, the Eurocode 2 and p-n model show a better fit, compared to
the Bazant B4 and the Model Code 2010 model. This is mainly the result
of the different descriptions of the time functions for the different
models. At later ages, all models show a quite perfect fit for the RC I mix,
while for the blended cement concretes, the Bazant B4 and -n model
show a better fit. Looking at the errors in Fig. 21, it can be seen that there
is no clear trend between the errors of the different models for the
different concrete mixes. For the RC I and RC II mixes, the Bazant B4 and
the MC 2010 models show the worst fit, while for the CFC blended
cement mixes, the EC 2 and MC 2010 models show the worst fit. Overall,
the p-n model appears to be the best predictor for all compositions,
followed by the Eurocode 2 model for the two reference mixes and the
Bazant B4 model for the two CFC mixes.

(46)
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Fig. 21. RMSE of the different total shrinkage models for the different concrete
compositions.

The previously used methodology, however, is not completely cor-
rect, since the autogenous deformations occurring in completely sealed
(autogenous) conditions, are not equal to the autogenous deformations
occurring in a drying environment. In drying conditions, less water is
available, so the hydration will be slowed down and will be less com-
plete, resulting in less autogenous shrinkage. The autogenous shrinkage
even might be negligible compared to the drying shrinkage strains, in
drying conditions. Therefore, also fitting of the drying shrinkage models

Total shrinkage strains [pm/m]

128

Total shrinkage strains [um/m]

128
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20. Different total shrinkage models for the different concrete mixes, compared with the experimental results.

to the total shrinkage results, neglecting autogenous shrinkage, is per-
formed. The results of the model fitting are presented in Fig. 22 and the
RMSE of the different models is summarized in Fig. 23.

It is observed from Fig. 22 that the same general behaviour as with
the total shrinkage model fitting is noticed. The fitting of the Bazant B4
and Model Code 2010 model is worse at early ages, while at later ages
the fitting of all models is quite good and almost perfect for the RC I mix.
Comparing the errors of the total - and drying shrinkage model fitting
(Fig. 23), it can be concluded that for the Bazant B4 and Eurocode 2
model, the error was lower for the drying shrinkage model fitting, while
for the p-n model the error was lower for the total shrinkage model
fitting. The error of the Model Code 2010 model of the reference mixes
(RCTIand RCII) was higher for the drying shrinkage model fitting, while
for the CFC mixes the error was the highest for the total model fitting.
However, the differences were marginal. It can thus be concluded that,
similar to the total shrinkage model fitting, the f-n model appears to be
the best predictor of the drying shrinkage, followed by the Eurocode 2
model for the two reference mixes and followed by the Bazant B4 model
for the two CFC mixes.

5. Conclusion

The influence of the calcined dredging sediments as an SCM on the
heat release, mechanical properties and shrinkage behaviour of concrete
was studied experimentally and numerically. Cement replacement ratios
of 20, 30 and 40 wt% CFC were considered. The main findings are
summarized as follows:

e The CFC concrete mixes develop more heat than the RC II mix with
fly ash, but less heat than the OPC reference mix.

e Although the strength of the CFC concrete mixes develops slower
than the strength of the OPC reference mix, higher compressive
strength results are obtained at later ages (> 28 days).
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Fig. 23. RMSE of the different drying shrinkage models for the different con-
crete compositions.

e Both autogenous and total shrinkage are reduced by using CFC
blended cement.

e The mechanical properties development model of Eurocode 2 de-
scribes well the development of the compressive strength, tensile
strength and static E-modulus of the CFC concrete mixes.

e The autogenous and drying shrinkage were both modelled using
existing empirical shrinkage models. The Bazant B4 model appeared
to be the best prediction model for the autogenous shrinkage. The f-n

Drying shrinkage strains [pm/m]

Drying shrinkage strains [pm/m]
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. Different drying shrinkage models for the different concrete mixes, compared with the experimental results.

model was the best predictor for the drying shrinkage, followed by
the EC 2 model for the reference mixes and the Bazant model for the
CFC blended cement mixes.

e Large similarities between CFC blended cement and FA blended
cement are observed, regarding hydration, strength and shrinkage
behaviour, proving CFC to behave as a typical SCM in concrete.

The results are promising for further research regarding creep,
durability properties and cracking risk (by shrinkage restraint) of con-
crete with addition of CFC. Furthermore the results also support the use
of CFC as SCM in concrete by providing parametrised models to predict
the CFC concrete heat release, mechanical performance and dimensional
changes.
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