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Abstract. The failure of offshore structures is a major issue as they lead to economic, environmental, and social
disasters. Assessing the durability and long-term behavior of these structures subjected to chemical and
mechanical degradation is subsequently critical. The analysis of these coupled phenomena induced by seawater
attack and mechanical loading is complex and requires the development of innovative measurement systems and
modelling strategies. Thus, multiscale protocols, starting from the microscopic scale of the cement paste, seems
relevant for the characterization of the chemo-mechanical behavior of offshore structures. Therefore, the
competition between protective layers’ formations and harmful effects of seawater ions has been coupled with

the creep phenomenon.
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1 Introduction

Controlling the environmental conditions of concrete
structures is almost impossible. Therefore, it should be
considered as a given parameter in a durability study.
While implementing durability assessment protocols, it is
essential to get as close as possible to the real conditions to
obtain representative results.

Seawater exposure is critical due to its complex
composition and the multiple phenomena induced by the
seawater ions [1,2]. Previous studies have focused on sulfate
attack characterization [3] and on chloride diffusion [4]. At
equivalent sulfate concentration levels, seawater exhibits
distinct characteristics compared to sulfate attack [5].
Given the competition between the protective and
expansive effects [6,7], it seems interesting to represent
seawater as a combination of all the anions and cations
present in the seawater during its reformulation in the
laboratory.

The chemo-mechanical coupling between calcium
leaching and mechanical damage of cementitious materials
has been studied by [8-11]. It shows a strong coupling
between calcium leaching and mechanical behavior: as
leaching increases, a loss of stiffness and strength has been
experimentally observed [11]. Leached concrete becomes
more ductile during chemical degradation [11,12]. The
coupling between creep and leaching of concrete has been

* e-mail: marinelle.el-khoury@ec-nantes.fr

studied in [12-14]. It has been observed that the
deformation in the combined test accelerates and reaches
tertiary creep [13]. This demonstrates the effect of long
time loading combined with leaching.

There has been limited research conducted on the
coupling between chemical degradation and mechanical
effects, particularly in terms of modeling and experimental
procedures. It is also noteworthy that no study has
associated the creep phenomenon to the seawater attack.

To study the chemo-mechanical coupling, a new
multiscale numerical and experimental approach will be
presented in this study. The paper focuses on the combined
effects of hydration associated with seawater attack, and
their effects on the creep and mechanical performance of
offshore structures by considering all the ions present in
seawater.

2 Multiscale chemo-mechanical protocol
2.1 Multiscale modelling

Distinguishing the effects of the ions present in seawater
and their effects on the microstructure and the overall
mechanical behavior of the structure is experimentally
exhaustive. Moreover, the attack of seawater is slow, so
that to reach advanced degrees of degradation, it takes
several years. Thus, the use of reliable numerical models is
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Fig. 1. Multiscale chemo mechanical modeling.

essential to model the effect of each ion on the

microstructure and to represent the chemo-mechanical

phenomena over long periods.

The cement paste represents a heterogeneous material
composed of multiple phases such as anhydrous cement
particles and hydration products, such as calcium
hydroxide (CH), calcium silicate hydrate (C-S-H), ettrin-
gite, etc. The hydration of the heterogeneous cement paste
is modeled using CemPP v 0.2 [15], based on the hydration
code CEMHYD3D v3 developed at NIST [16]. CemPP is a
modified version of CEMHYD3D originally developed to
simulate the cement hydration process and understand the
kinetics and the potential of the self-healing phenomenon
[15].

At the mortar scale, the material is assumed to be made
of two continuous media: the cement paste, considered in
this case as homogeneous, and the sand particles. The
simulation of the chemo-mechanical coupling proposed in
this work considers a mechanical calculation on a material
whose microstructure has evolved chemically and where
damage and viscoelastic behavior are coupled.

For this purpose, two codes have been associated:

— CemPP [15], for the simulation of hydration and
chemical reactions at the cement paste scale (the model
combines hydration and seawater attack),

— The finite element code Cast3M for the simulation of the
mechanical behavior, loss or gain of elastic properties
defining consequently the mechanical strength of the
structure (mechanical damage model based on [17,18]
(Egs. (1) and (2)), as well as creep using 4 chains of
Kelvin Voight (Eq. (3)).

The cement paste represents a heterogeneous material
composed of anhydrous cement and hydration products.
Mechanical properties of the cement hydrate phases have
been gathered from literature and summarized in the work
of [19]. The damage model adopted for the cementitious
phases is the one developed by Fichant et al. [17,18]. A
strong assumption was made in the creep model: All phases
except C-S-H have a negligible viscoelastic behavior
compared to C-S-H [20-23]. The total stress o is calculated
from the effective stress (Eq. (1)), and the viscoelastic

strain tensor €' is calculated according to the creep
compliance J(t) using 4 chains of Kelvin—Voight (Egs. (2)
and (3)):

(1)
(2)

Jty=>1 (1 - e*iif) (3)

where 1;=1,/k; represent the characteristic times of the
Kelvin—Voigt chains: 7y=0.1 day, 7o= 1 day, 73=10 days,
and 7,=100 days, and k; the elementary phase stiffness [20—
22].

After defining the mechanical behavior of the cement
paste, a homogenization method was designed to assess the
properties of the mortar. At the mortar scale, the creep-
damage model requires the following input parameters:
Young’s modulus, Poisson’s coefficient, strength, rigidity,
density, fracture energy and creep coefficients (Elementary
rigidity). The start of cement exposure is 3 days. The
algorithm used at a time of calculation “t;” is summarized in
Figure 1, where 0, is the strength of the microstructure
at time # and oOgep 1S the creep applied on the
microstructure at the same time ¢,

First of all, using the chemical reactions defined in
CEMHYD3D, the simulation of hydration is performed by
cycles of dissolution, diffusion, and precipitation.

Secondly, since the chemical action of seawater must be
described as one of many reactions taking place simulta-
neously [24], and since the chemical reaction time has been
assumed to be much faster than diffusion, seawater attack
results in layers corresponding to the different fronts of
dissolution/precipitation. The characteristic size of the
microstructure being very small, a total replacement of the
cement phases by their reaction product is adopted. Each
layer represents ionic/chemical attack and product
formation. To understand fully the effect of each phase
formed or transformed on the mechanical behavior of the
structure, each layer is simulated separately as a material
under hydration-chemical reaction coupling. Then, the

0= (1-D) "= (1 - D) C”:(e" — &)
e=Jt ®c
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Fig. 2. The heterogeneous chemically modified cement matrices simulated at the age of 28 days and the mortar REV.

multilayer modified microstructure named “SW” is com-
pared to the hydrated intact one named “Ref” (Fig. 2). The
simulation of the hydration-seawater attack coupling
process was carried out on 100 p,rn‘g cement paste using
CemPP and 10 mm? for mortar using Cast3M. The color
variation between the modified layers and the hydrated un-
attacked layer highlights the phase changes in the
microstructure.
Layer I is a Brucite-rich layer (Grey color) :

Mg + Ca(OH), — Mg(OH), + Ca*". (4)

Layer IT models the CaCOjs rich layer (lime-green color):
(5)

Layer III represents the reaction of CSH from sources of
sulfate and carbonate [25] and the formation of thaumasite
(olive color):

Ca(OH), + CO, — CaCOs + H,0.

3Ca0.2510,.3H,0 + 2(0&8042H20) + CaCOs
+ COy + 23H,0
— 2Cag [Si(OH)B] (CO3)(S04).12H50. (6)
The presence of sulfate can lead to the formation of
gypsum (layer IV, white color) and ettringite (layer V, blue
color) via the following equations:

Mgt +S0?™ + Ca(OH), — CaSO, + Mg(OH), (7)

Ca*" + 802" + C3A + 32H,0

The diffusion of chloride ions can lead to the formation
of Friedel’s salt:

C3A + Ca(OH), 4 2C1~ + 10H,0
— CgAC&ClQlOHQO + 20H".

Friedel

Layer VI represents a Friedel salt rich layer (brown color).

Finally, the combination of all these layers is supposed
to form a heterogeneous cement matrix modified by
seawater attack [22].

2.2 Experimental procedure
2.2.1 Experimental program

To validate the model, experiments were performed at both
scales of mortar and paste. The experimental characteri-
zation presents the originality of considering all the ions
present in the seawater solution. Mortar cylinders have
been prepared using a water to cement (W/C) ratio of 0.6
and ordinary Portland cement (OPC). Its composition and
properties are presented in Table 1.

Cement paste cylinders were prepared with W/C = 0.5.
At the age of 3 days, the specimens were immersed in tap
water (“Ref.”’) and in a laboratory reconstituted seawater
(“SW”). For diffusion acceleration purposes a W/C=0.6
and salinity of 70 g/L (equivalent to the double of reference
seawater [26]) were considered. Epoxy resin layers were
also applied at the two surface ends to ensure 2D diffusion.
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Table 1. Composition and properties of used Portland
cement.

CsS 60.0%
0,8 16.3%
C3A 7.7%
C,AF 10.5%
Gypsum 3.5%
Other constituents 2.0%
Density (10%kg/m?) 3.16
Blaine (m?/kg) 400

The experimental protocol illustrated in Figure 3 allows
analyzing the effect of seawater attack on cementitious
materials at the chemo-mechanical scale. This analysis was
carried out at the macroscopic scale (variation of mass,
volume and length) by including mechanical criteria
(estimation of strength and stiffness). At the microscopic
scale, the characterization allows to identify the formed
and transformed phases using cement paste samples. To
include long time loadings in the study, a new creep rig was
designed and implemented (Fig. 3).

2.2.2 Mechanical evaluation

The compressive strength of three plain mortar samples
was determined at each characterization age (1, 2, 7, 28,
and 145 days), and the average compressive strength was
calculated. During the test, the load was applied at a rate of
0.5 MPa/s until failure. The static elastic modulus was
determined using an extensometer and LVDT sensors on
two samples at the same ages mentioned earlier. The
specimens were loaded and unloaded up to a load equal to
30% of their strength to measure the elastic modulus.
Creep was applied on hollow samples immerged in
seawater and tap water. The constant load was equal to 30%
of the sample’s strength determined at the age of loading.

2.2.3 Macroscopic evaluation

The degradation of the samples was assessed during the
exposure period by measuring the changes in length and
weight on a weekly basis. This evolution was monitored on
three hollow samples and three plain samples immersed in
seawater (SW) and six samples (3 hollow and 3 plain) in tap
water (Ref).

2.2.4 Microscopical phase's changes evaluation

Scanning electron microscopy (SEM) and energy-disper-
sive spectroscopy (EDS) were performed to visualize and
analyze the polished cement paste samples immersed in
seawater and those immersed in tap water. Prior to SEM
observations, the cylindrical specimens underwent
transverse cutting. Then they were embedded in a low-

modulus epoxy resin and subjected to a polishing process.
These preparation steps were carried out to ensure optimal
conditions for SEM analysis.

Thermogravimetric analysis (TGA) was carried out on
cement paste samples crushed into powders and analyzed
in a dry nitrogen atmosphere using a Netzsch SRA449 F3
apparatus. The samples were heated from 20 to 900 °C at a
constant rate. This analysis helped identify and quantify
the phases resulting from seawater attack. The samples
were extracted from the surface and center of paste
specimens.

Qualitative identification of crystalline phases was
carried out using an Aeris X-ray diffraction (XRD)
instrument, and the analysis covered cement paste samples
crushed into powders and sieved at 80 pm. Similar to TGA,
XRD analysis was performed on the surface and the center
of the cement paste samples. The scan was performed
between 7° and 70° using a Cu Ka source (A1 = 1.540 A and
A2=1.544 A) with a 0.38 mm slit.

3 Results and discussions

Figure 4 shows the evolution of product thickness
deposited at the mortars surface. This evolution was
determined by calculating the average on three samples.
Figure 5 shows the evolutions of phases formed at the paste
surface sample determined using TGA technique.

It can be seen that the samples recorded a positive
thickness indicating that new products have been formed
at the surface. The thickness deposited at the surface of
hollow cylinders was higher than that of plain cylinders.
This can be explained by the higher exposure surface of
hollow cylinders. Thickness evolutions are linear with
respect to the square root of time, highlighting the ions
diffusions following Fick’s law. The diffusion of ions from
the surface and their reaction with the cement hydration
products induced the formation of this deposited layer. The
phases formed at the sample’s surface were identified using
TGA (Fig. 5).

Results show the formation of brucite (Mg(OH),) and
calcium carbonate (CaCOgj) and the consumption of
calcium hydroxide (Ca(OH)s). The results highlight the
reactions presented in equations (4) and (5).

Calcium carbonate was also found on the surface of
control samples (Ref.). In these samples, calcium carbonate
formed rapidly during the first 30 days and then gradually
decreased or stabilized. Previous studies on the effects of
groundwater on cement-based materials have shown that
calcium carbonate can form [27].

Figure 6 summarizes the phases identified using XRD
analysis at the surface and the center of control and SW
samples after one year of exposure.

Figure 7 shows the chloride profiles for control and SW
samples identified using energy dispersive spectroscopy
analysis.

Brucite, located at 26 =37.966° on XRD graph could
only be observed on the surface of samples immersed in
seawater. This is in agreement with the results obtained
using TGA analysis (Fig. 5). Similarly, Friedel’s salt was
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identified in the SW samples at peak 26 = 11.193° confirm-
ing the reaction of chloride ions with cement hydrates. This
result highlights the reaction presented in equation (9).
Unlike brucite, Friedel’s salt could be detected in the
center and on the surface of the samples immersed in the
marine solutions, which could confirm the diffusion of
chloride ions from the surface to the center of the samples.
This diffusion was detected in Figure 7 using EDS analysis.

The expected gypsum peak at (20=11.438° and
20 =20.731°) could only be observed at the surface of
samples immersed in a marine solution at an advanced age
of immersion (one year). Aragonite and vaterite formed on
the surface of the exposed samples, confirming the greater
amount of CaCO3 observed in the TGA analysis on the
surface of samples exposed to seawater (Fig. 5). Calcite was
observed in both control and exposed samples. The
ettringite peak appeared in both cases of immersion. This
does not indicate that its formation is favored in seawater.
Sulfate attack generally induces expansion by crystalliza-
tion pressures due to ettringite formation. The longitudinal
expansion remained very small during the experiments [7].
Thus, sulfate attack had less influence due to the chloride
penetration [5] and the formation of Friedel’s salt.

According to the chemical reactions actually taking
place in the specimens, the microstructures have been
numerically built in CEMPP.

Figure 8 illustrates the distribution of C-S-H content in
each layer at the age of 28 days, as well as the changes in
creep compliance over a period of 3 years. The observed
data reveals a significant initial increase in creep compli-
ance during the initial days of loading, followed by a
subsequent asymptotic trend. This behavior suggests a
gradual but diminishing viscoelastic displacement rate
over time. The simulations also highlight the effects of the
chemically modified layers (layer I to VI) on the overall
behavior of the seawater attacked microstructure.

Figure 9 shows the maximum creep compliance (Jyax)
recorded after 3 years of loading as a function of the
proportion of C-S-H present in the cement pastes
microstructure. Figures 8 and 9 allow concluding that
the ettringite-rich layer (layer V) recorded the highest
creep and the gypsum-rich layer (layer IV) recorded the
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lowest creep, regardless of the age of loading. It should be
noted that the expansive character of ettringite (crystalli-
zation pressures) is not taken into account by the model, as
the experimental results obtained did not show any
macroscopic expansion and damage after two years of
follow-up |[7].

This graph joins the simulations performed at the
following loading ages: 7 days, 14 days, 28 days, 2 months,
4 months, and 6 months (one point per layer and per
loading age). Figure 10 shows an agreement between the
numerically calculated specific displacements due to creep
applied at age 28 days and those experimentally monitored
for control and attacked hollow mortars.

The attacked multilayer cement microstructure (SW)
recorded a lower creep than the control sample. This can be
explained by the lower amount of C-S-H present in the
seawater attacked microstructure especially due to the

presence of layer III simulating the C-S-H consumption and
which presented a negligible creep (Fig. 8). The adopted
model restores the difference between the mechanical
behaviors of the chemically modified layers even with the
same rate of C-S-H in these microstructures. Globally, this
is consistent with the mechanical model hypothesis, which
considers that C-S-H is the main phase involved in creep.

In Figure 10, it can be seen that creep of mortars
increase quickly in the first days of load application and
that the creep displacements for reference mortars are
slightly lower than attacked mortar. This highlights that
the effect of seawater attack-creep coupling is not
predominant at long term (after 3 days of loading). This
compensation between positive and negative effects can be
explained with the difference in the behavior of layers
(Figs. 8 and 9).
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4 Conclusions

A numerical multiscale model has been developed to
analyze the mechanical creep behavior of cement-based
materials in seawater. A new experimental test has been
performed for the same goal. The mechanical creep
behavior of attacked samples remained equal to that of
the reference samples, even though significant microstruc-
tural changes and rapid penetration of chloride ions were
observed at the microscopic level. Experimental analysis
added explanation on the type of products formed during
attacks. Mortar and cement paste cylinders were character-
ized by the highest amount of products formed at the surface
as aresult of exposure to seawater. The material deposited at
the surface of specimens was identified by microscopic
characterization methods (SEM/EDS, XRD, and TGA).
The protective effect of brucite and calcium carbonate
surface layers could be detected. Their linear evolution as a
function of the square root of time follows Fick’s law. Sulfate
attack in seawater was not predominant, with minor
expansion and ettringite formation, and the pore blocking
effect of brucite and calcium carbonate near the surface could
have slowed down ionic diffusion in the cement matrix.
Similarly, this could be attributed to the presence of chloride
ions that mitigate sulfate attack. By considering these
chemical effects in the model, simulations of creep for cement
pastes and mortars have been performed. The model was
used to explain the creep evolution due to a competition
between the dissolution-formation of different phases in
cement paste and theloading. This model can now be used for
the simulation of concrete structures.
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