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SUMMARY Seawater represents a complex phenomenon due to the presence of multiple ions.
Previous researches aimed to estimate the resistance losses due to sulphate and chloride attacks
based on probabilistic approaches. Few studies have focused on the complex chemo-mechanical
modeling by coupling all the ions present in seawater and in concrete. In this study, the model
proposed is based on the coupling between two codes CemPP- for the microstructure generation
of the cementitious material, the evolution of the hydration and chemical reactions - and Cast3M
- for the mechanical calculations and damage modeling. Results highlight the importance of
considering each effect of cement paste’s ion reacting with seawater and their role on the overall
mechanical behaviour of the structure affected by the chemical phases present at equilibrium.
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I. INTRODUCTION

The offshore engineering sector is growing rapidly, supporting the use of concrete in the marine
environment. In contact with seawater, concrete undergoes a degradation caused by the diffusion
of aggressive ions through its porosity and their reaction with the cementitious matrix, leading to
a decrease in mechanical strength. This is accompanied by the loss of cement particles and the
pollution of the marine environment. To protect marine structures and reduce their degradation,
it is crucial to clearly define the behaviour laws of concrete in marine environment by coupling
the mechanical and chemical degradation to the hydration process. This coupling presents not
only a challenge in the durability field of cementitious materials and the protection of the
environment, but also significant economic and social impacts.

The experimental investigation of the micro-mechanisms associated with degradation is difficult
because its evolution in real time should be tracked for long periods. Multi-scale modeling,
starting from the microscopic scale, seems relevant (Rhardane, 2018). Therefore, a
micromechanical model has been developed coupling the mechanical and chemical effects due to
seawater attack. A code, named CemPP, based on the CEMHYD3D software from NIST (Hilloulin
et al., 2016), simulates the coupling between hydration and chemical reactions at the cement paste
scale. An adaptation is proposed here for the seawater problematic: brucite and thaumasite have
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been added. Then, the obtained chemically degraded microstructure is generated in the finite
element code Cast3M to simulate the mechanical damage behaviour, loss or gain of the elastic
properties subsequently defining the mechanical resistance of the structure.

II. PRESENTATION OF THE COUPLING BETWEEN HYDRATION AND SEAWATER
ATTACK MODEL

The diversity of salts in seawater creates a competition between two opposing phenomena : the
first leads to volumetric and expansive precipitation of ettringite and the second tends to close the
surface porosity, hence limiting ionic exchanges by creating a protective surface in the case where
the aluminate content is low (Guillon, 2004). An experimental study conducted by (De Weerdt et
al., 2014) on ordinary concrete exposed for 10 years in a tidal zone of the Trondheim fjord shows
that the seawater attack is a layered attack defined by the diffusion profiles. Seawater chemical
action should be described as one of many reactions taking place simultaneously (Eglinton, 1998).
Moreover, the chemical reaction time is short compared to that of diffusion; the attack of offshore
concrete can then be schematized in several layers. Each zone represents ionic/chemical attack
and product formation and dissolution (Table 1). To understand the effect of each phase formed /
transformed on the mechanical behaviour of the structure, each layer is modeled separately as a
material under hydration and one chemical reaction takes place in each layer. The simulation of
the hydration-seawater attack coupling process was carried out in 3D using the CemPP code for a
cement CEMI 52.5 N having 60% of C3S, 16.3% of C2S, 7.7% of C3A, 10.5% of C4AF and a fineness
of 400 m?/Kg, at the age of 72 hours. CemPP code creates a 3D microstructure of a cement paste of
size 100um? defined by voxels of 1um?. The chemical reaction time has been assumed to be very
fast and the size of the microstructure being very small. A total replacement of the cement paste’
phases by their reaction products is adopted as shown in table 1 (The reactor phase presented in
blank is consumed and replaced by the product phase presented in hatch).

TABLE 1. Phases replacements used in CemPP to generate the chemically degraded microstructures.

Phases ayer I II II1 v v VI Hydrated

Calcium hydroxide
CSH

Hydrated C3A
Brucite

Calcite
Thaumasite
Gypsum

Ettringite

Friedel Salt

Reactors

Products

III. MECHANICAL DAMAGE MODEL

2D chemically modified microstructures, extracted from the 3D microstructures obtained before,
are meshed in the finite element code Cast3M. Mechanical properties (Young’'s modulus,
Poisson’s ratio, strength, fracture energy) of all cement paste’s phases are considered intrinsic for
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the following damage model based on the work of (Rhardane, 2018) where these values are
summarized. The damage model is based on a micro-plane approach (Fichant et al., 1997; Fichant
etal., 1999). A uniaxial load is applied as incremental horizontal displacements on one of the sides
of the 2D section while the opposite side is fixed. The stress field (c) and the scalar damage value
(D) are evaluated by the following relations:

o= (1-D)C%e" >
1+ B 2

eq

Where (0 is the initial stiffness tensor, €eq the equivalent strain (= (<g=>-: <g¢=>+)!”2), ko the damage
threshold and Br a slope parameter for the strain-stress curve. This approach allows coupling
chemical and mechanical effects without introducing a chemo-mechanical coupling parameter
that needs calibration tests in the behaviour law as done in macroscopic models. Since this model
works at the microscopic scale, phenomena are distinguished and damage is evaluated according
to the phase’s mechanical properties and volume fractions variations reacting with seawater.

IV. RESULTS AND DISCUSSION

The objective of the study is to give at first an evaluation of effective residual elastic properties of
cement pastes attacked by seawater in order to give an elastic behaviour law used at the upper
scales (mortar and concrete). Figure 1 presents a 2D section of each layer extracted from the 3D
microstructures generated in CemPP at the age of 28 days. The color variation between the
hydrated layer and the six attacked layers highlights the phase’s changes in the microstructure.
Figure 2 shows elastic parameters (Young's modulus and Poisson's ratio) variations as a function
of the specimen’s age. We can note that layer III, which no longer contains CSH, registers the
smallest Young's modulus and the largest Poisson's ratio subsequently leading to a significant
drop in the layet’s resistance compared to the others. It can also be concluded that chemical attack
reduces the Poisson's ratio of all layers. The formation of calcite increases the rigidity of the area
and closes the porosity on the surface; which reduces ionic exchanges. The brucite rich layer acts
as a protective layer, its Young's modulus remains similar to that of the intact layer, but its
Poisson's ratio is lower than that of the hydrated layer.
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FIGURE 1. 2D section of each layer extracted from the 3D microstructures generated at the age of 28 days
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Ettringite formation, described as expansive, and the chloride ions action leading to Friedel's salt
formation maintain the Young's modulus similar to that of the hydrated layer. But the gypsum
formation increases it.
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Figure 2. (a)Young’'s modulus and (b) Poisson coefficient variation

VI. CONCLUSIONS AND PERSPECTIVES

A new model has been developed for the analysis of the behaviour of cementitious materials in
seawater. The first approach presented in this work aims to determine the effective elastic
properties of cement pastes after the sea attack. It will be used in a next work at the mortar and
concrete scales as input data for the cement paste’s matrix. The results show that the overall
behaviour of a structure is influenced by the chemically modified phases and it is thus possible to
define the maximum permissible load as a function of the structure’s age and therefore of its
chemical degradation level. Consequently, this methodology highlights the importance of
examining all the ions present in seawater since each ion participates in either a gain or a loss of
elastic properties, affecting the overall behaviour of the offshore structures.
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