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ABSTRACT: This research focused on two objectives: (i) investigating the impacts of sediment substitution in the raw meal on
the hydration and mechanical-microstructural properties of cement; (ii) assessing the reliability of CEMHYD3D code for modeling
the properties of hydrated cement. The experimental results indicated that a maximum rate of sediment up to 7.55% had no impact
on the formation of mineralogical phases of clinker, the hydration and mechanical-microstructural development of cement. The
degree of hydration and strengths of cement made of sediment substitution were slightly higher than those of reference cement,
whereas the critical diameter of pores of both hydrated cements was nearly identical. Comparing the modeling results with the
experimental measurements showed good predictions for the degree of hydration, hydration heat as well as strength development.
However, the formation of hemi-and mono-carboaluminate phases was not predicted in the model, and the porosity prediction was
also limited to the capillary porosity.
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RESUMEN: Estudio de la cinética de hidratacion y propiedades mecanico-microestructurales de cementos Portland elaborados con
v sin sedimento dragado: aproximaciones experimentales y numéricas. Esta investigacion se centr6 en dos objetivos: (i) investigar
los impactos de la incorporacion de sedimentos dragados sobre la hidratacion y las propiedades mecanico-microestructurales del
cemento; (ii) evaluar la confiabilidad del codigo CEMHYD3D para modelar las propiedades del cemento hidratado. Los resultados
experimentales indicaron que un contenido maximo de sedimentos de hasta 7,55% no tuvo impacto en la formacion de fases
mineralogicas del clinker, la hidratacion y el desarrollo mecanico-microestructural del cemento. El grado de hidratacion y las
resistencias del cemento obtenido a partir de la sustitucion de sedimentos fueron ligeramente superiores a las del cemento de
referencia, mientras que el didmetro critico de los poros de ambos cementos hidratados fue casi idéntico. La comparacion de
los resultados de la modelizacién con los experimentales mostrd buenas predicciones para el grado de hidratacion, el calor de
hidratacion y el desarrollo de las propiedes mecanicas. Sin embargo, la formacion de fases de hemi y monocarboaluminato no se
predijo en el modelo, y la prediccion de la porosidad también se limit6 a la porosidad capilar.
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Copyright: ©2024 CSIC. This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0
International (CC BY 4.0) License.


https://doi.org/10.3989/mc.2024.363223
https://orcid.org/0000-0002-7142-0497
https://orcid.org/0000-0002-6860-2679
https://orcid.org/0000-0002-4890-0820
https://orcid.org/0000-0001-9159-6521
https://orcid.org/0000-0002-7935-173X
https://orcid.org/0009-0004-0843-9269
https://orcid.org/0000-0003-3563-0734
mailto:duc.chinh.chu@imt-nord-europe.fr
https://doi.org/10.3989/mc.2024.363223

2+D.C. Chuetal

1. INTRODUCTION

Concrete has become the most manufactured prod-
uct in the world in terms of volume, with approxi-
mately 5.3 billion m® produced per year (1, 2). Ce-
ment is one of the essential components used for the
concrete production with about 3.6 billion tons pro-
duced in 2011 (3). However, cement production also
has some adverse effects on the environment due to
the large quantity of CO, emissions and massive con-
sumption of natural resources such as limestone, clay
and sand (1). Indeed, the production of a ton of Port-
land cement requires 1.5 tons of raw materials (4), so
it can be seen that the cement industry consumed ap-
proximately 5.4 billion tons of raw materials in 2011.
As the natural material deposits are limited, the need
for a sustainable trade-off between cement production
and natural resource consumption has become a ver-
itable issue for the global cement industry in the 21
century. One of the potential materials studied for a
partial substitution of conventional raw materials is
dredged sediment. Sediment presents some advantag-
es such as the large available quantity with approxi-
mately 300 Mm?® dredged in Europe per year (5), and
the chemical composition which consists of CaO,
AlO,, SiO, and Fe O, (6-8), which is in accordance
with the need for cement production. Although recy-
cling the sediment in the raw meal has been previous-
ly investigated in several studies (9-11), the informa-
tion on the hydration kinetics and microstructure of
these cements is still very limited. We also saw that
in these studies, the cement hydration behavior was
not precisely assessed due to the difference in miner-
alogical composition as well as the origin of the raw
materials for the cement production.

Since cement hydration is a complex process that
depends on numerous parameters such as the compo-
sition of the cement, temperature, curing time and rel-
ative humidity. A change in one of these parameters
could modify the cement hydration and the mechani-
cal-microstructural properties of the hydrated cement.
Additionally, the experimental analyses often require
time and many materials for preparation and testing.
The numerical modeling of cement hydration is one
of the most efficient ways to predict the properties of
cement hydrated and save time and cost.

Nowadays, ever-improving computational models
have facilitated the study of the hydration kinetics of
cementitious materials. The computational models
such as CEMHYD3D (12-16), VCCTL (17, 18), HY-
MOSTRUC (19, 20), HydratiCA (21) have accurately
simulated the hydration kinetics as well as the relation-
ship with the mechanical-microstructural development
of Portland cement-based materials cured under the
same conditions as in the experiment. The modeling
results could provide a better understanding of cement
hydration, which is useful not only for predicting the
properties of hardened cement composites but also for
developing an advanced design of cement-based ma-

terials (22). In addition, numerical simulation would
save time and cost in comparison with the experi-
ment (22, 23). For these reasons, the objectives of this
study were to study the hydration behavior as well as
mechanical-microstructural development of cement
made from the sediment substitution in the raw meal
via experiment and numerical simulation. The novelty
of this study was the application of the CEMHYD3D
model to numerically simulate the hydration of cement
made from the waste substitution instead of cement
made from analytical reagents used in previous stud-
ies. Numerous parameters of this model were modified
to adapt to both cements in this study to simulate the
cement hydration and predict all the fundamental prop-
erties of cement hydrated, including the hydration heat,
the microstructure, and the strength. The modeling re-
sults could be used to rapidly investigate the influence
of the composition of cement on the properties of ce-
ment hydrated. This could be applied in the practical
to optimize the composition of cement in terms of the
practical requirement. To achieve these objectives, we
focused on the following aspects:

* Two clinkers/cements were produced in this
study with the same targeted mineralogical com-
position. The first one is the reference produced
from conventional raw materials only. The sec-
ond one was made with a maximum amount of
sediment incorporated in the raw meal. The hy-
dration kinetics and mechanical-microstructural
properties of both cements were studied by the
experiment to investigate the potential influence
of sediment on the quality of cement.

»  The hydration kinetics as well as the development
of mechanical-microstructural properties of both
cements were modeled using CEMHYD3D code.
The modeling results were also compared with the
experimental results to investigate the ability and re-
liability of the CEMHYD3D code for the prediction
of the properties of cement made with and without
sediment substitution in the raw meal. Understand-
ing the modeling results of CEMHYD3D code, we
can accurately predict the hydration kinetics and the
mechanical-microstructural developments of ce-
ment in a practical application, saving the time for
the sample preparation and analyses cost.

2. MATERIALS AND METHODS

2.1. Raw materials and cement production
process in the laboratory

In this study, two ordinary Portland cements (OPC)
were made by grinding together clinker and gypsum
in a laboratory ball mill. Two different clinkers were
produced with and without sediment in the raw meal.
The sediment used is fluvial sediment collected from
the Air sur Lys region (hereafter ASL) in the North of
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France. It was homogenized and dried at 105 °C until
it reached a constant weight before characterization.
Contrary to several previous studies (9, 10), which
used analytical reagents as the raw materials, in this
study, the raw materials used were limestone, clays,
sand and iron oxide that were extracted from the nat-
ural quarries. They were also dried at 105 °C until a
constant weight and ground to a smaller particle size
than 200 pm before characterization. The chemical
composition of all materials obtained using X-ray flu-
orescence (XRF) analysis is given in Table 1.

Based on the chemical composition of all raw ma-
terials as well as the targeted mineralogical compo-
sition of clinkers, two raw mixtures were formulat-

ed with and without sediment using the moduli val-
ues: LSF = 98, SR = 2.6 and AR = 1.45 respectively
(24). The proportion of other raw materials in these
mixtures must Tespect the following proportions:
mon—1.5 and 7;;;=1.5 as required by the industrial
partner. In addition, the analysis of the consistency of
raw meal made with different rates of sediment was
also performed to determine the maximum incorpora-
ble rate of sediment in the raw meal. The raw meals
were prepared by mixing the raw materials with the
same amount of water (water-to-solid ratio of 0.3) for
5 minutes before being poured onto a flat surface. The
consistency of raw meal was determined by measur-
ing the diameter of pates, as illustrated in Figure 1.

TaBLE 1. Chemical composition of all raw materials obtained by XRF analysis.

Materials Sediment Limestone 1 Limestone2 Limestone3 Clay 1 Clay 2 Sand Iron oxide  Gypsum
Oxide (wt%) ASL LIM 1 LIM2 LIM 3 CLY 1 CLY 2 SAN IRO GYP
Sio, 65.15 53 9.5 6.0 48.7 60.6 88.3 22 1.95
ALO, 7.35 1.9 3.7 1.2 20.6 14.9 4.8 0.3 0.33
Fe,O, 3.1 0.6 1.3 0.6 10.7 7.9 1.2 70.6 0.28
CaO 7.55 49.8 45.8 50.0 1.1 2.3 2.1 13.5 32.85
MgO 0.7 0.4 0.6 0.4 1.1 0.8 ND 2.2 0.34
Na,O 0.85 ND ND ND ND ND ND ND 0
K,0 1.65 0.4 0.9 0.2 1.5 1.3 0.3 0.1 0.08
SO, 0.1 ND ND ND ND ND ND 0.2 38.58
TiO, 0.65 ND 0.1 ND 0.7 0.7 0.9 ND 0
P,0, 0.25 ND ND 0.2 0.3 0.2 ND ND 0
Mn,O, ND ND ND ND ND 0.2 ND 0.7 0
ZnO 0.1 ND ND ND ND ND 0.1 ND 0
LOI 12.1 40.9 375 40.9 14.6 10.5 1.9 10.2 24.85
Total 99.5 99.3 99.4 99.5 99.3 99.4 99.6 98.7 99.28

Note: ND = not detected.

Ficure 1. Consistency measurement of raw pates with different substitution rate of sediment.
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Based on the chemical composition of raw materials
as well as the consistency of raw pastes, the maximum
incorporable rate of sediment in the raw meal is limited
to 7.55%. This is very important for assuming an ade-
quate content of water used for raw paste preparation be-
fore the clinkering. It should be noted that a greater water
content was used, the energy consumption was greater,
leading to an increase in the cost of the cement prod-
uct. The economic efficacy and environmental impact
of sediment substitution in cement production will be
presented in our future paper. In this study, two cements
were produced as follows: the first cement (OPC Ref
cement) was produced from conventional raw materials
only, and the second, OPC-Sed cement, was made with
a maximum substitution rate of sediment up to 7.55%.
The composition of two raw meals is given in Table 2.

Two clinkers were produced in this study according
to the process described in a previous study (9). After
the clinkering, the free lime content (CaO,,_ ) of two
clinkers was measured using the Schlafer-Bukolowki
method (25). The chemical compositions of clinkers
were measured using XRF analysis, while the miner-
alogical compositions were obtained using the Bogue
formula (26) according to following Equations:

C,S=4.07%(Ca0,, - Ca0, )-6.72*AL0,  [1]
~1.43*Fe,0,

C,S = 8.60*Si0, + 1.08*Fe,0, + 5.07*ALO, [2]

-3.07*(Ca0,, — CaO, )
C,A=2.65* AL,O, -1.69*Fe O, [3]
C,AF = 3.04*Fe O, [4]
Where:
Ca0,, SiO,, Al,O, and Fe,O, are the chemical com-

positions of clinker.

Ca0,__is the content of free lime of clinker.

The chemical-mineralogical compositions of two
clinkers are given in Table 3.

The CaO,  amount of both clinkers was less than the
threshold value of 2% usually required in the cement in-
dustry (27). It also meant that the clinkering process was
complete and that the cooling process did not lead to the
decomposition of C,S into C,S and CaO, . In addition,
it can be seen that OPC-Sed clinker contained more C,S
and less C,S content when compared with the reference
clinker. This was principally due to the higher content
of CaO and lower content of SiO, in OPC-Sed clinker.

TaBLE 2. Composition of two raw meals with and without the sediment.

Rawmeal  ASL (wt%) LIMI (wt%) LIM2 (wt%) LIM3 (wt%) CLYI (Wt%) CLY2 (wt%) SAN (wt%) IRO (wt%)

OPC Ref 0 52.08 17.36 17.36

3.18 4.78 431 0.93

OPC Sed 7.55 51.31 17.10 17.10

2.40 3.61 0.0 0.93

TABLE 3. Chemical-mineralogical composition of both clinkers.

Chemical composition OPC Ref clinker

OPC-Sed clinker

Sio, 21.05 20.52
ALO, 5.22 5.58
Fe,O, 2.93 2.96
CaO 65.19 65.47
MgO 0.72 0.75
Na,O ND ND
K,0 0.71 0.86
SO, 0.03 0.0
ZnO 0.03 0.04
P,0, 0.18 0.20
L.OI 3.00 2.70
Total 99.40 99.44
Mineralogical composition OPC Ref Clinker OPC-Sed Clinker
CS 61.63 63.98
CS 15.76 12.23
CA 9.14 10.06
CAF 9.18 9.25
CaO 1.60 1.65

free
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The influence of sediment substitution on the
chemical composition of mineralogical phases was
also investigated using the SEM-EDS technique. The
clinker samples were cut into 2 mm thick slices, and
then they were impregnated under vacuum using the
epoxy. These samples were polished using diamond
suspension, with deodorized petroleum used as lu-
bricant. Between each step, isopropanol was used to
clear these samples. They were kept for 2 days in a
desiccator under vacuum to remove the remaining
isopropanol before being coated with carbon to make
the surface conductive for SEM-EDS analysis at high
vacuum. The Hitachi S-4300SE/N operates with an
accelerating voltage of 20 kV, and a current of 0.8 mA

(@)

was used to measure 100 points for each mineralogi-
cal phase in different zones to obtain a representative
result. The SEM images of OPC Ref and OPC Sed
clinker are shown in Figure 2 (a, b).

The SEM result also indicated that the sediment
substitution in the raw meal did not change the dis-
tribution and morphology of the phases of clinker. In-
deed, the morphology of alite (C,S) and belite (C,S)
in both clinker in this study is typical morphology for
these phase as observed in a previous study (28).

The chemical composition of all four major phases
of both clinkers obtained from SEM-EDS analysis is
shown in Figure 3 (a, b, ¢, d) corresponding to C,S,
C,S, C,A, and C AF, respectively.

(b)

Ficure 2. SEM images of clinkers (a) OPC Ref clinker; (b) OPC Sed clinker.

(@

(©

(b)

(d)

FiGure 3. Chemical composition of four major phases of both clinkers measured by SEM-EDS analysis (a) C,S; (b) C,S; (c) C,A; (d) C,AF.
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Observing the SEM-EDS result, it can be seen
that the sediment substitution in the raw meal has
not had a significant impact on the chemical com-
position of all four major phases. Indeed, the ratio
of major elements in these mineralogical phases of
both clinkers is nearly similar. This is interesting
to investigate the cement quality made from the
sediment substitution because the uptake of minor
elements such as K*, Na* or Mg?* could modify the
morphology of the mineralogical phase, in particu-
lar in the C,S phase as described in a previous study
(9). However, the ratio of major elements in all four
major phases is slightly higher than the theoreti-
cal values of these phases found in the literature.
For example, in the case of C,S, the Ca/Si ratio
obtained from the SEM-EDS analysis is 3.51, and
3.53 for OPC Ref Clinker, and OPC — Sed Clinker
respectively, while the theoretical value is 3.0. The
difference between the experimental value and the
theoretical value can be due to numerous reasons,
including the presence of foreign elements or the
interaction of phases.

Gypsum was added to obtain a total SO, amount of
3.6% in both cements. This was an optimized sulfate
content for a plain Portland cement hydration as de-
fined in the NF EN 197-1 standard (29). Based on the
chemical composition of gypsum and clinkers pre-
sented in Table 1 and Table 3 respectively, the mass
proportion of each component of OPC Ref and OPC
Sed cements is given in Table 4.

TaBLE 4. Mass proportion of each component of both cements.

Cement Clinker (%) Gypsum (%)
OPC Ref 90.71 9.29
OPC Sed 90.64 9.36

Then, clinker and gypsum were ground using a
ball-mill device until they achieved a Blaine surface
of 4500 cm2/g.

2.2. Characterization methods
2.2.1. Characteristics of anhydrous cements

The particle size distributions (PSDs) of both anhy-
drous cements were measured using laser diffraction
(COULTER type LS 13320 device) with isopropanol
used as the dispersant. The specific density was also
obtained using the helium pycnometer Accupyc 1330
device, while the specific surface area was measured
by the Blaine surface method (30) and the BET meth-
od (Brunaer-Emmett-Teller). The initial setting time
as well as water demand of both cements were deter-
mined according to the NF EN 196-3 standard (31)
using a Vicat instrument. All characteristics of both
anhydrous cements are given in Table 5.

TaBLE 5. Characteristics of two anhydrous cements.

Properties OPCRef  OPC-Sed
Density (g/cm?) 3.1 3.1

Blaine specific surface area (cm?*/g) 4450 4460

BET specific surface area (m?%g) 1.46 1.47
d,,(um) 1.48 0.99
d,,(um) 14.18 14.56
dy,(um) 32.16 31.62
Water demand (%) 30.03 30.05
Initial setting time (minutes) 180 180

2.2.2. Hydration kinetics and mechanical-micro-
structural development of hydrated cements

Contrary to several previous studies (11, 32),
which investigated the cement hydration through the
hydration heat and compressive strength develop-
ment only, in this study, the hydration kinetics and
mechanical-microstructural properties of OPC Ref
and OPC-Sed cements were studied using numerous
experimental analyses, including the advancement of
hydration and hydration heat of pastes, compressive
strength, and porosity evolution of mortar samples.

The advancement of hydration reactions with time
could provide information on the hydration behavior of
cement. The results obtained in a previous study (33)
indicated that the measurement of chemically bound
water was the best method for the determination of the
degree of hydration of cement (hereafter DoH) thus, in
this study, the DoH of cements was determined using
thermogravimetry analysis (TGA) based on the meas-
urement of chemically bound water amounts during
cement hydration. Two cement pastes were prepared
with a water-to-cement ratio of 0.5, and cured under
saturated conditions at a constant temperature of 20 °C
until specific ages for measurement. At the time of test-
ing, the cement paste samples were crushed into fine
particles (<63 pm), then they were directly analyzed
in a TG instrument (Netzsch STA 409). TGA was per-
formed according to the process described in a previ-
ous study (33). The DoH of hydrated cements was cal-
culated according to Equation [5]:

wn (t)
ot = o) [5]

Where:

o(t): Degree of hydration of cement at time t.

W (t): Chemically bound water amount of cement

paste at time t.

W (: Ultimate chemically bound water amount corre-

sponding to the complete hydration of cement paste.
The TGA curve and DTG curve of OPC Ref ce-

ment paste after 28 days of hydration are presented in

Figure 4 (a, b) respectively.
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(@)

(b)

FiGure 4. (a) TGA curve of OPC Ref cement paste after 28 days of hydration; (b) DTG curve of OPC Ref cement paste after 28 days
of hydration.

Based on the TGA curve and DTG curve, it can be
seen that the loss of mass of cement paste in the range
0f 40 °C to 105 °C corresponds to the mass of evapora-
ble water (free water), while the chemically bound wa-
ter content is obtained by measuring the loss of mass of
the sample between 105 °C and 1000 °C. The Ca(OH),
amount could be determined by measuring the mass
loss of the sample in the range of 400 °C to 500 °C.
Table 6 summarizes the mass loss of each sample cor-
responding to the different temperature ranges.

The chemically bound water amount of cement
paste could be determined from the sample mass loss
according to Equation [6]:

Am sample (105 °C—1000 "C)(t)>{< 100

Wall) == = e 1000°:0(0) L6]

The ultimate chemically bound water amount of ce-
ment was estimated using the method proposed by
NIST (National Institute of Standards and Technology)
as given in the work (34). The principle is to estimate
the ultimate chemically bound water amount of indi-
vidual phase when it totally reacts with water. In addi-
tion, in a previous study (33), we used three different
methods to determine the degree of hydration (DoH) of
cement pastes. The results indicated that the measure-
ment of the ultimate chemically bound water amount
is the best method for determining the DoH of Port-
land cement. For this reason, in this study, the DoH of
both cement pastes was determined by measuring the
chemically bound water amount. Based on the ultimate

chemically bound water amount of individual phase,
we can estimate the ultimate chemically bound water
amount of cement according to Equation [7]:

W () = W, () (%C,S) + W, () *(%C,S) +
W, (O O6CA) + W, (0)HUCAR) + [7]
WnCaOfrcc(oo)*(%C&Ofrcc)

Where:

WnC3S(OO)’ WnCZS(OO)’ WnC3A(OO)’ WnC4AF(OO)’ WnCaOfree(w)

is the ultimate chemically bound water amount of
CS,CS, CA, CAF and CaO, _ respectively.

From the mineralogical composition of clinker and
the mass proportion between gypsum and clinker in
both cements given in Table 3 and Table 4 respectively,
the mineralogical composition of both cements could
be easily computed. Table 7 presents the mineralogical
composition as well as W (c0) value of both cement.

The heat release during hydration was monitored
using isothermal conduction calorimetry performed
at a constant temperature of 20°C. For this measure-
ment, cement paste was prepared with a water-to-ce-
ment ratio of 0.5 (W/C=0.5) according to the process
described in the previous study (7, 9). After mixing
for 2 min at 1600 rpm, 10g of paste was poured into
a cell, which was then sealed and placed in the calo-
rimeter. The heat liberated from the cement hydration
reactions was measured for up to 70h.

X-ray diffraction (XRD) analysis was used to
identify the anhydrous cement phases as well as the

TABLE 6. Mass loss of each sample corresponding to the different temperature range.

Mass loss 2 days 14 days 28 days

OPC Ref OPC Sed OPC Ref OPC Sed OPC Ref OPC Sed
40 °C-105 °C 26.2 26.57 23.01 22.97 21.82 21.68
105 °C-1000 °C 7.87 8.26 11.56 11.74 12.77 13.08
Mass of cement 65.93 65.17 65.43 65.29 65.41 65.24
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TABLE 7. Mineralogical composition and Wn(e) value of both cements.

Phase W 1use(0) per gram Mineralogical composition W (o) of cement (g/100 g of anhydrous cement)
OPC Ref OPC - Sed OPC Ref OPC - Sed

CS 0.24 57.45 59.68 13.79 14.32

CS 0.21 14.69 11.41 3.08 2.39

CA 0.4 8.52 9.38 3.41 3.75

C,AF 0.37 8.56 8.63 3.16 3.19

CaO, 033 1.49 1.54 0.49 0.51

Gypsum - 9.29 9.36 - -

Total 100 100 23.93 24.17

hydration products of two cement pastes over time.
The hydration of cement pastes was stopped using
the solvent exchange method (isopropanol solvent)
(35). Cement pastes were immersed in isopropanol
for 3 days, then stored in a desiccator under vacu-
um for 7 days. The hydration-stopped pastes were
ground to obtain a smaller particle diameter than
40 um. The powders were analyzed using a Bruk-
er D2 Advance diffractometer, which is equipped
with Cu radiation, A = 1.5406 A. The measurement
was performed at 40 kV-40 mA with the 20 angle
scanned from 5° to 80°.

The mechanical development was investigated by
measuring the compressive strength of standard mortars.
Samples (40 x 40 x 160 mm?®) were prepared according
to the NF EN 196-1 standard (36) and cured under satu-
rated conditions at a constant temperature of 20 °C. The
compressive strength of mortars was measured after 1, 2
and 28 days of curing, respectively using an INSTRON
5500R device that has a maximum applicable load of
150 kN and a displacement rate of 144 KN/min.

The microstructure development of hydrated ce-
ment over time was monitored using the Mercury
Intrusion Porosimetry (MIP) method. For MIP meas-
urement, mortar samples were cut into small pieces of
1 x 1 x 1 cm?® and immersed in isopropanol for 3 days
to stop the hydration. Samples were then stored in a
desiccator for at least 7 days before measurement. In
this study, the total porosity and pore size distribution
of samples were measured after 1 and 28 days of hy-
dration using an Autopore IV device. The instrument
has a maximum applicable pressure of 200 MPa, and
is able to detect a minimum pore diameter of 6 nm.

In addition, the pore structure could be studied
measuring the capillary porosity according to BS
1881 Pt. 124 (37) based on the DoH of cement. The
calculated capillary porosity of mortar was obtained
according to Equation [8]:

%~ 0360(t)
=c_
Z+0.32

P * V(%)cement paste in the mortar [8]

Where P is the calculated capillary porosity of mortar
af(t) is the degree of hydration of cement.

V(%) is the percentage of cement paste by volume in
the mortar.

W/C is the water-to-cement ratio of mortar.

2.2.3. Numerical simulation of cement hydration

In this part, the hydration and mechanical-mi-
crostructural properties of cements were studied
via a three-dimensional microstructure generated in
CEMHYD3D. This model, developed by D.P.Bentz
at NIST, has been employed in several previous stud-
ies in order to study the properties of hydrated cement
(13, 14, 38). The CEMHYD3D was used with the
cellular automate algorithm to generate the virtual
cement pastes from the characteristics of anhydrous
cements, including the mineralogical composition,
granulometry (PSDs), specific density as well as wa-
ter-to-cement ratio used in the prepared mixtures.
Firstly, the PSDs data of both anhydrous cements were
used to place the particles of virtual cements from
largest to smallest diameters at random locations in a
3-D computational volume of 100 x 100 x 100 pm?>.
The volumetric proportion of all cement phases was
converted from their mass fraction data given in Ta-
ble 7 with the hypothesis that a low CaO,_ amount in
the clinker had no significant effect on the hydration
kinetics of cements. Table 8§ presents the PSDs of two
cements measured in the experiment and simulated in
CEMHYD3D.

The volume proportion of mineralogical phases of
two cements as well as the water-to-cement ratio of
virtual pastes obtained from the experimental meas-
urement and numerical simulation in CEMHYD3D
are given in Table 9.

In general, comparing the experiment with the
modeling results indicated good agreement for the
two cement pastes. However, it can be seen that the
PSDs of both cements measured in the experiment
were slightly greater than those of the two virtual ce-
ments.
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TABLE 8. PSDs of OPC Ref and OPC-Sed cement obtained from the experiment and numerical simulation in the CEMHYD3D.

OPC Ref OPC - Sed
Diameter of particles Mass fraction (%) Mass fraction (%) Mass fraction (%)
(pm) (Exp) (CEMHYD3D) Mass fraction (%) (Exp) (CEMHYD3D)
1 10.480 10.660 10.49 10.262
3 2.450 2.492 2.29 2.243
5 5.360 5.447 5.46 5.339
7 7.270 7.386 7.40 7.243
9 8.020 8.124 8.15 8.018
11 8.070 8.282 8.17 8.086
13 7.640 7.874 7.76 7.564
15 7.000 7.299 7.14 6.837
17 6.230 6.502 6.37 6.497
19 5.460 5.647 5.64 5.642
21 4.730 5.038 5.01 5.034
23 4.140 4.893 4.55 4.888
25 3.710 4.186 4.18 4.182
29 6.500 6.568 7.29 6.562
33 7.250 9.604 7.01 4.798
37 3.010 0.000 2.11 6.806
49 2.65 0.000 0.97 0.000
Total 99,97 100 99.99 100

TaBLE 9. Mineralogical composition of OPC Ref and OPC-Sed cements obtained from the experimental measurement and numerical

simulation in CEMHYD3D.
Phases OPC Ref OPC - Sed
Exp (%) CEMHYD3D Exp (%) CEMHYD3D
Pixels % Volume Pixels % Volume
CS 0.5708 223945 0.5704 0.5924 235642 0.5943
CS 0.1428 56692 0.1444 0.1108 43963 0.1109
CA 0.0897 35493 0.0904 0.0986 38991 0.0983
CAF 0.0731 28712 0.0731 0.0737 29362 0.0740
Gypsum 0.1234 47776 0.1217 0.1244 48572 0.1225
Total 1.00 392618 1.00 1.00 396530 1.00
w/C 0.5 0.499 0.5 0.491

Finally, the hydration of these virtual cement pates
was simulated under the same conditions used in the
experiment. During hydration simulation, the voxels
of cement phases can dissolve, diffuse, and react to
form hydration products. For all of the simulations
performed using the CEMHYD3D, the conversion
factor was used to convert the model cycles into read

time. It was calculated using the DoH experimental
value of cement pastes measured by TG analysis after
2 days of hydration to calibrate the modeling result
as described in a previous study (9). From the output
data of the model, numerous aspects of hydrated ce-
ment could be studied, such as the DoH of cement and
individual cement phases, the evolution of hydration
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products, hydration heat, and microstructural devel-
opment. Power’s empirical relation (Equation [9])
was used in the CEMHYD3D to predict the compres-
sive strength (39).
_ 068 a(t) \,

0c(t)= oo(—— (m%) [9]
Where:
a is the degree of hydration of cement.
o (t): Compressive strength of mortar at time t (days).
c,. Compressive strength of mortar when the capil-
lary porosity is zero. It was calculated from the ex-
perimental compressive strength of mortars measured
after 2 days.
n: Coefficient depending on the cement type.
W/C: Water to cement ratio used in the mortar.

3. RESULTS AND DISCUSSIONS

3.1. Hydration kinetics

Figure 5 presents the model prediction and the ex-
perimental result for DoH of OPC Ref and OPC-Sed
pastes. The result indicated that the DoH of OPC-Sed
cement was always slightly higher than the refer-
ence cement at any time of testing. The DoH of OPC
Ref and OPC-Sed cements increased with time and
reached 0.81 and 0.815, respectively after 28 days of
hydration. This confirmed that the sediment substitu-
tion level of 7.55% in the raw meal did not impact the
reactivity of the mineralogical phases of cement.

For the modeling result, in general, CEMHYD3D
provided a good prediction of DoH for both cements
when compared with the experiment. As the experi-
mental result, the DoH of OPC-Sed cement predict-
ed in the CEMHYD3D was also slightly higher than
that of OPC Ref cement. However, it can be seen that
for the two cement pastes, the DoH predicted in the
CEMHYD3D was slightly higher than that measured
by the experiment with the DoH values of 0.835 for
OPC Ref cement and 0.852 for OPC-Sed cement af-
ter 28 days of hydration. This can be attributed to the
difference between the cement particle size measured
by the experiment and the simulation in the model as
indicated in Table 7. Indeed, in cement hydration, the
hydration rate of coarser cement is generally lower
than that of finer cement (40).

The cumulative hydration heat of OPC Ref and
OPC-Sed cements, measured by isothermal conduc-
tion calorimetry and modeled in CEMHYD3D is
shown in Figure 6. The experimental result indicated
that the hydration kinetics of both cements were near-
ly similar when we compared the curve shape as well
as the cumulative heat. As a result of the DoH meas-
urement, the hydration heat of OPC-Sed cement was
slightly higher than that of OPC Ref cement. Indeed,
after 72h of hydration, the cumulative hydration heat

FiGure 5. Experimental (data points) and model predicted (line)
degree of hydration for OPC Ref and OPC-Sed, W/C= 0.5, hy-
drated under saturated conditions at 20° C.

of OPC Ref cement was 291.75 (KJ/kg), while OPC-
Sed cement achieved 310.84 (KJ/kg).

Furthermore, it can be seen that the model predic-
tion for the cumulative hydration heat was in nearly
perfect agreement with the experimental measurement
for both cement pastes. Indeed, the cumulative hydra-
tion heat predicted in the model was 283.80 (KJ/kg)
for OPC Ref cement and 305.44 (KJ/kg) for OPC-
Sed cement after 72h of hydration. The model also
indicated that the heat liberated from the hydration of
OPC-Sed cement was greater than that of OPC-Ref
cement, with a cumulative heat of 435.64 (KJ/kg) for
OPC Ref cement and 460.51 (KJ/kg) for OPC-Sed ce-
ment after 28 days of hydration. However, the mode
appeared to slightly overestimate the heat released
at very early ages (several minutes), while slightly
underestimating it within 20-30 h for both cement
pastes. The difference at very early ages was very
likely due to the capability of an isothermal calorim-
etry device which was able to measure the hydration
heat after approximately 5 minutes only.

Ficure 6. Hydration heat of OPC Ref and OPC-Sed cement ob-
tained from the isothermal conduction calorimetry analyses and
the simulation using the CEMHYD3D model.
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The heat evolution curve and hydration progress of
all individual cement phases of both cement pastes
were studied to better understand the contribution of
each cement phase to the hydration heat peak. The
heat flux curve liberated from the hydration of both
cements is also shown in Figure 7, while the hy-
dration progress of all individual cement phases as
a function of time predicted in the CEMHYD3D is
highlighted in Figure 8 (a, b) corresponding to OPC
Ref and OPC-Sed cement pastes respectively.

Ficure 7. Heat flux of hydration of OPC Ref and OPC-Sed ce-
ment measured by isothermal conduction calorimetry.

The hydration heat curve of both cements may be
distinguished in several stages, and in each stage, the
contribution of individual cement phases on the hy-
dration heat could be clearly investigated.

* Stage (I): The hydration reactions of both ce-
ments started immediately after contact with wa-
ter, and the heat released in this stage can relate to
the hydration of free lime, gypsum, and C,A (35).
Observing the hydration progress of individual
cement phases shown in Figure 8 (a, b) also indi-
cated that the hydration heat obtained in this stage
had the origin from the hydration of gypsum, C.A
and C AF phases. In addition, the duration of the

(@)

first peak simulated in the CEMHYD3D was
much shorter, which was also in accordance with
the observation in the experiment (41). After the
pre-induction period, it can be seen that the hy-
dration rate slowed significantly in the induction
period, and thus the heat released in this period
was also significantly reduced.

+ Stage (II): After the induction period, the hydra-
tion rate of all individual cement phases increased
again in the acceleration period. The modeling
result presented in Figure 8 (a, b) showed that
the duration of this period was between 3-15h.
In this stage, the hydration rate of the C,S phase
was strongly higher than that of other phases, so
the hydration heat released was principally asso-
ciated with the hydration of the C,S as the results
found in the experiment (41).

»  Stage (II): After the acceleration period, the hy-
dration heat liberated started to slow down gradu-
ally. The decrease in hydration heat can be attrib-
uted to decreasing the hydration rate of the C,S as
observed in Figure 8 (a, b). However, in the case
of our cements, after decreasing the hydration
heat, the third heat peak was observed between
15h and 20h. Based on the modeling result, this
increase in the hydration heat peak could be as-
sociated with increasing the hydration rate of the
C,A phase. Indeed, as observed in Figure 8 (a, b)
for the two cement pastes, at this stage, a signifi-
cant fraction of gypsum was consumed, which led
to an increase in the hydration rate of the C,A and
the formation of ettringite (42). Experimentally,
the hydration of the C,A phase and the formation
of ettringite liberated energy of 1670 kJ/kg and
this heat was much higher than that released from
the hydration of the C,S phase (520 kJ/kg) (41).

In general, the hydration progress of individual
cement phases over time simulated in CEMHYD3D
for the two cement pastes was in accordance with the
experimental observations (43-45). For the calcium
silicate phases, the model prediction indicated that
the C,S hydration started much earlier and faster than

(b)

Ficure 8. Degree of hydration of individual cement phases of cement simulated in CEMHYD3D with time. (a) OPC Ref cement; (b) OPC — Sed cement.
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(b)

FiGure 9. XRD patterns of anhydrous cement and after 28 days of hydration. (1) C,S; (2) C,S; (3) C,A; (4) C,AF; (5) Gypsum; (6)
Ca(OH),; (7) Ettringite; (8) Hemi-carboaluminate; (9) Mono-carboaluminate. (a) OPC Ref cement; (b) OPC — Sed cement.

that of the C,S phase. Indeed, more than 45% of the
C,S phase has reacted after 1day and about 90% after
28 days, while for the C,S phase, the hydration rates
were 20% and 68%, respectively at the same time.
For the aluminate phases (CSA and C,AF), it can be
seen that the hydration kinetics of the C,A and C,AF
phases were similar, however the hydration rate of the
C,AF was much lower than that of that of the C,A
phase at long-term.

The hydration products of OPC Ref and OPC-Sed
cements as a function of time identified using XRD
analysis are shown in Figure 9 (a, b) respectively. The
XRD patterns indicated that all hydration products
of hydrated OPC-Sed cement were similar to those
formed in hydrated OPC Ref cement. In the two ce-
ment pastes, the Ca(OH), amount has increased with
a decrease in the calcium silicate amount (C,S, C,S).
However, the hydration rate of C,S was much higher
than that of the C,S phase when we observed the peak
magnitude of both phases. After 28 days of hydration,
total gypsum and C,A phases were consumed, while
C,AF phase was still detected. It appeared in accord-
ance with the modeling result as shown in Figure 8 (a,
b), which also indicated that the hydration kinetics of
cement phases were not identical.

In addition, it can be seen that in the two cement
pastes, C-S-H gels were not identified by XRD
analysis due to their amorphous structure (44, 45).
Hemi-carboaluminate (10.8°-26) and a low amount of
mono-carboaluminate (11.7°-20) (46—49) were iden-
tified, while mono-sulfoaluminate (9.8°-20) was not
detected. In Portland cement hydration, mono-sul-
foaluminate was produced from the reaction between
ettringite and excess of C, A phase according to Equa-
tion [10], while hemi-carboaluminate and mono-car-
boaluminate were formed from the reaction between
ettringite and calcite as described in Equation [11]
and Equation [12] respectively (39). Moreover, cal-
cite can to stabilize ettringite against the conversion
to mono-sulfoamuminate (39, 49). Thus, the pres-
ence of these phases in the two cement pastes could

be attributed to the following reaction series. First,
the CO, in the atmosphere reacted with Portlandite
to form calcite (CaCO,). Then, a part of the calcite
reacted with ettringite to form hemi-carboaluminate
and mono-carboaluminate.

2C,A+CAS H,, +4H > 3CASH,

(Mono-sulfoaluminate) [10]
C,A+0.5Cc +0.5CH + 11.5H -> [11]
C,Ac0.5H , (Hemi-carboaluminate)

CA+Cc + 11H -> C,AcH , (Mono- [12]
carboaluminate)

The XRD patterns of OPC Ref and OPC Sed paste
after 28 days of hydration are shown in Figure 10. It
can be seen that the magnitude of the peaks in both
XRD patterns is nearly similar. This result also con-
firmed that the sediment substitution did not influence
the hydration behavior of cement, as indicated in the
previous analyses.

Ficure 10. XRD patterns of OPC Ref and OPC Sed paste after
28 days. (1) C,S; (2) C,S; (4) C,AF; (6) Ca(OH),; (7) Ettringite;
(8) Hemi-carboaluminate; (9) Mono-carboaluminate.
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The amount evolution of hydration products over
time predicted in the CEMHYD3D is presented in
Figure 11 (a, b) for OPC Ref and OPC-Sed cements
respectively. For the two cement pastes, the modeling
result also indicated an increase in Portlandite content
with a decrease of anhydrous calcium silicate amount
(C,S, C,S) as shown in Figure 8 (a, b) and Figure 9 (a,
b). Contrary to the XRD analysis result, CEMHYD3D
could predict the content of C-S-H gels formed in the
two hydrated cements. As expected, the C-S-H gels
were the primary hydration product with a volume
fraction greater than 50% in the two cement pastes
after 28 days of hydration. The model result showed
that the formation of Ca(OH), started later than that of
C-S-H and it started to form at the end of the induction
period as observed in the experiment (43). However,
it can be seen that in the CEMHYD3D, the content
of ettringite decreased with increasing the content
of mono-sulfoaluminate when the total gypsum was
consumed. Additionally, the presence of a combina-
tion of hemi-carboaluminate and mono-carboalumi-
nate hydrates was not predicted. This was contrary
to the result obtained in the XRD analysis. The dif-
ference between the experiment and the model result
can be explained the fact that the CEMHYD3D did
not consider the reaction between CO, and Ca(OH),,
which led to the formation of calcite, which had two
effects on the cement hydration as indicated above.

3.2. Mechanical-microstructural development

The compressive strengths of OPC Ref and OPC-
Sed mortars measured in the experiment and predict-
ed in the CEMHYD3D are shown in Figure 12. The
strengths of OPC-Sed mortar were slightly higher than
those of OPC Ref at any time of testing. The compres-
sive strengths of OPC Ref and OPC-Sed mortars were
55.08 MPa and 56.57 MPa respectively after 28 days

(@)

of curing, and they could be classified as CEM 1 52.5
according to the NF EN 197-1 (29). Based on this re-
sult, we also confirmed that a sediment substitution
rate up to 7.55% had no significant influence on the
mechanical properties of hydrated cement.

For the modeling result, it can be seen that there
is a perfect agreement between the experiment and
prediction for the compressive strengths of mortars
at early ages (1, 2 days). As the experimental result,
the strengths of OPC-Sed mortar predicted by CEM-
HYD3D were also slightly higher than those of OPC
Ref mortar. However, comparing with the experimen-
tal strength obtained at 28 days, the model appeared
to slightly overestimate the compressive strength of
both mortars. This gap in the prediction can be attrib-
uted to the slightly higher value of DoH predicted in
the CEMHYD3D compared with the experiment at
long-term as shown in Figure 5. Indeed, the compres-
sive strength was predicted using the gel-space ratio
theory as described in Equation [5], so increasing the
DoH of cement led to increasing the strength of mor-
tar predicted in the CEMHYD3D.

The porosity evolution as a function of time of
OPC Ref and OPC-Sed mortars obtained from the
experimental measurement and numerical simulation
is presented in Figure 13 (a, b) respectively. This ex-
perimental result indicated that the porosity decreased
with time, from 16.05% at 1 day to 12.76% at 28 days
for OPC Ref mortar and from 15.78% at 1 day to
12.88% at 28 days for OPC-Sed mortar. For the mod-
eling result, it can be seen that for the two mortars, the
MIP measured porosity was similar to the CEMHY-
D3D model prediction at early age but much higher
at long-term (28 days). This gap could be attributed
to the following possibilities: (1) the dimension of
pixels in CEMHYD3D was 1 x 1 x 1 pm?, thus this
model can measure the pores with a diameter > 1 pm
only, while the pore diameter determined by the MIP
method included the small pores down to 0.006 um

(b)

Ficure 11. Evolution with time of the volume fraction of hydration products produced from the hydration of cements simulated in CE-
MHYD3D, (a) OPC Ref cement; (b) OPC-Sed cement.
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FiGure 12. Experimental (date points) and model predicted (line)
compressive strength development for OPC Ref and OPC-Sed
mortar made with W/C=0.5, under saturated condition at 20° C.

(@)

(b)

FiGure 13. Porosity of mortars as a function of time measured
experimentally, predicted in CEMHYD3D and calculated by the
model (a) OPC Ref mortar; (b) OPC-Sed mortar.

(50); (2) high pressures of mercury in the MIP method
might have damaged the pore structure leading to the
increase in porosity (51).

Figure 14 presents the pore size distribution of
both mortars measured by the MIP method after 1
and 28 days of hydration in order to verify the hy-
pothesis above. As expected, for the two mortars,
the pore diameter measured by the MIP method was
much smaller than 1 pm, which explained why the
MIP measured porosity was much higher than that
predicted in the CEMHYD3D. However, the CE-
MHYD3D provided a good prediction of porosity
when compared with the capillary porosity calculat-
ed according to Equation [4] for the two mortars.
This is likely associated with the pore diameter that
could be measured by Equation [4]. Indeed, it al-
lowed determining the capillary porosity only in
the size range of 0.01 to 10 pm (51). The diameter
of these pores was much greater than the smallest
diameter of pore determined by the MIP method.
Thus, it explained why the porosity predicted in the
CEMHYD3D was relatively similar to the capillary
calculated porosity. These results indicated that the
CEMHYD3D can be used to study the microstruc-
ture of Portland cement-based materials, but the po-
rosity was limited to the capillary porosity. In addi-
tion, based on the results presented in Figure 9 (a, b)
and Figure 10, we could also confirm that a sediment
substitution rate up to 7.55% in raw meal had no im-
pact on the durability of hydrated cement when we
compared the total porosity as well as the critical
diameter of two mortars.

4. CONCLUSIONS

The objectives of this study were to investigate the
hydration and mechanical-microstructural properties
of cement made from sediment substitution in the raw
meal through experimental analyses and numerical
simulation. Based on the experimental and numeri-
cal results available, the following conclusion can be
drawn:

FiGure 14. Pore size distribution of both mortars with time ob-
tained from the experimental measurement (MIP method).
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(1) Based on the chemical composition of the raw
material as well as the consistency of raw pastes,
the maximum incorporable rate of sediment in
the raw meal is limited to 7.55%. A sediment sub-
stitution rate up to 7.55% in the raw meal had no
impact on the formation of mineralogical phases
of clinker as well as the properties of hydrated ce-
ment including the degree of hydration, strength
and microstructure, when compared with the ref-
erence cement. The chemical composition of all
four major phases of both clinkers obtained from
the SEM-EDS analysis is nearly similar. The av-
erage ratio of major elements in all mineralogical
phases measured by SEM-EDS analysis is slight-
ly higher than the theoretical values. Indeed, the
average ratio of the C,S phase is 3.51 and 3.53 for
OPC Ref clinker, and OPC-Sed clinker respec-
tively, while the theoretical value is 3.0.

(2) The reactivity and compressive strengths of
OPC-Sed cement were slightly higher than those
of the reference cement at any time. After 28 days
of hydration, the DoH of OPC Ref and OPC-Sed
cement pastes achieved 0.810 and 0.815 respec-
tively, while the strength of both mortars was
55.08 MPa and 56.57 MPa respectively. The po-
rosity and critical diameter of the pores of both
mortars were nearly identical at any time of test-
ing.

(3) The modeling results of CEMHYD3D model also
indicated that the DoH and cumulative hydration
heat of OPC-Sed cement were higher than those
of OPC Ref cement as indicated by the experi-
mental results. This confirmed that the sediment
substitution in the raw meal did not affect the re-
activity of clinker phases.

(4) The hydration progress of individual cement
phases as a function of time could be monitored
in CEMHYD3D. The modeling result indicated
that the hydration kinetics of individual cement
phases were not similar. Indeed, the hydration of
gypsum, C.A and C AF phases begins much ear-
lier than that of silicate phases (C,S, C,S). How-
ever, the length of the induction period in these
phases was greater than that of the C,S phase.
The model result also indicated that total gypsum
and C,A phases were consumed after 28 days
of curing and this was also confirmed by XRD
analysis. The hydration rate of C,AF was higher
than that of silicate phases at very early ages, but
much lower at long-term.

(5) The amount of some hydration products such as
C-S-H gels, Ca(OH), could be predicted in the
CEMHYD3D. As expected, for the two cement
pastes, the amounts of all hydration products
were nearly similar. However, in the CEMHY-
D3D, the content of ettringite has decreased with
an increase in the content of mono-sulfoalumi-
nate, while the presence of both hemi-caboalumi-
nate and mono-carboaluminate was not predict-

ed. This was contrary to the XRD analysis result
for the two cement pastes.

(6) As the experimental results on the mechan-
ical-microstructural properties showed, the
CEMHYD3D model also showed that the com-
pressive strength of OPC-Sed mortar was slightly
higher than that of the reference. However, it can
be seen that the model result for the compressive
strength was slightly higher than the experiment
for both cements, while the porosity predicted in
the CEMHYD3D was limited to the capillary po-
rosity.

The findings of this study suggest promising results
for future studies. The feasibility of recycling the sed-
iment in the raw meal at an adequate rate could be
applied on an industrial scale. Indeed, all the raw ma-
terials used in this study were also used on the indus-
trial scale, so this study can provide a solid foundation
for future work on an industrial scale. The modeling
results also demonstrated the numerous advantages of
using the CEMHYD3D for studying the hydration ki-
netics as well as mechanical-microstructural develop-
ment of cement produced from the waste substitution
in the raw meal. Based on the results obtained in this
study, the CEMHYD3D can be used as a practical,
reliable and economical tool for physical analyses of
Portland cement hydration in a practical application
with several cautions including the predicted poros-
ity, conversion of ettringite to mono-sulfoaluminate,
and formation of hemi-carboaluminate, mono-car-
boaluminate phases. In addition, the 3D-microstruc-
ture created in the CEMHYD3D was limited to 100
x 100 x 100 pm?, the authors highly recommend that
the cement used for the simulation has a smaller parti-
cle size than the critical diameter (30 um) to ensure a
good agreement with the experimental results.
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