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Abstract 

With the rapid growth of the offshore engineering sector, studying the durability of offshore 

structures becomes primordial. Evaluating experimentally the coupling between mechanical and 

chemical degradation of the cement-based materials and structures is a challenging task because it 

requires tracking the evolution of the micro-mechanisms associated with the degradation in real 

time for long periods. To tackle this issue, a numerical approach is proposed, based on the 

micromechanics and the coupling between a creep-damage model and a chemical model at the 

microstructural scale. The seawater chemical effect on cement paste is simulated by considering 

the penetration fronts of the aggressive water and the attack by layers in the material. The aim of 

this study is to provide a tool for the rapid mechanical evaluation of the offshore structures and 

therefore a tool that can be used for the optimization and the development of durable marine 

constructions. The results highlight the competition between protective and damaged layers 

formed due to seawater attack, and that the global mechanical behaviour strongly depends on the 

chemically modified phases in the cement paste. 
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1. Introduction 

The corrosion of steel reinforcement is a major issue for the durability of reinforced concrete (RC) 

structures exposed to seawater, especially for offshore concrete structures in marine environments. 

Previous studies have focused on the corrosion of steel due to the chloride ions diffusion [1–3] in 

harsh environments. Durability, safety, and sustainability of these infrastructures are critical 

especially in the transportation and in the oil and gas industry, where a failure can cause explosions, 

a huge gas leak in seawater, seawater contamination, loss of wildlife, and economical issues. 

Nowadays, offshore constructions are growing rapidly especially in the energy and transportation 

sectors (wind farms, petroleum platforms and bridges, etc.). The use of concrete in these types of 

structures is frequent. Therefore, it is necessary to study the behaviour of concrete in marine 

environment. 

The degradation of concrete structures in marine environments is induced by mechanical effects 

(creep, loss of strength and rigidity), chemical effects (seawater attack, external sulfate attack, 

chloride ions diffusion), and physical effects (temperature variation, freeze and thaw, erosion, 

etc.). 

The diffusion-reaction phenomenon that takes place between the phases of cement paste and the 

seawater ions (chloride, sodium, magnesium and sulfate) is likely to induce the loss of particles 

from the concrete cover to reinforcement, the pollution of the marine environment, the degradation 

of the structure and the changes in the mechanical behaviour of the concrete structures. The 

diffusivity and other macroscopic mechanical properties depend on the mechanical and chemical 

damage in the microstructure. Therefore, coupling between mechanical and chemical degradation 

is likely to affect the durability of offshore structures. 

The seawater attack caused by the ions diffusion into cement paste can create a competition 

between two opposing phenomena such as damage/expansion and the formation of protective 

layers [4,5]. This is due to the multiple interactions between the ions and the phases of cement 
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paste. Multiple works have focused on external sulfate attack [6–10] and chloride diffusion [11–

13]. In the presence of Magnesium ions, an insoluble and possibly protective brucite layer is 

deposited on the surface of the concrete structure [14]. Brucite precipitation near the surface is 

commonly detected in magnesium-rich environments [15] as the output of base exchange reaction. 

The presence of CO2 can lead to the calcium carbonate formation and its precipitation near the 

surface. Its stability is influenced by the water hardness and carbonate content, among other 

parameters. If stable, this calcium carbonate rich layer induces pore-blocking effect and mitigates 

leaching [16]. Seawater attack is significantly different from sulfate attacks at equivalent sulfate 

concentration [17]. In the presence of chloride ions, lower expansions and deteriorations are 

reported compared to sulfate attack [12,17]. The thickness of  the sulfate enriched zone has actually 

been reported to be much lower than the depth affected by chloride diffusion [14]. The high 

chloride concentration of seawater actually induces the formation of Friedel’s salt from AFm, 

which is thus less available to form ettringite known as expansive. Therefore, the formation of 

ettringite in a chloride-rich system would have a reduced tendency to generate expansion [18].  

Few studies took into account the complexity of the combined chemical effects resulting from a 

combination of all ions present in marine environments and their consequences on the mechanical 

behaviour of cement-based materials. Therefore, when designing an offshore concrete structure it 

is primordial to consider the effect of all the ions present in seawater. The aim of this study is to 

create a multi-scale model coupling seawater attack with all its ions to the mechanical degradation 

of concrete structures.  

It is necessary to start at the microscopic level and consider the diffusion and chemical interactions 

of each ion on the mechanical behaviour of the concrete structures. Performing this evaluation 

experimentally seems difficult because the evolution of the micro-mechanisms associated with the 

degradation in real time should be tracked for long periods of exposure at different scales. Multi-

scale modelling, starting from the microscopic scale, seems relevant [19–21]. Therefore, a 

micromechanical model has been developed coupling the mechanical and chemical effects of 

seawater attack and the hydration process of cement paste. 

The originality of this model lies in considering the combination of all ions present in seawater 

and evaluating their effects on the mechanical behaviour of the structure. It provides a tool for 

rapid mechanical assessment for offshore structures immerged in seawater for long periods. 
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Indeed, this chemo-mechanical model associates two codes: CemPP [22], simulating the coupling 

between hydration and chemical reactions at the scale of cement paste, and the finite element code 

Cast3M [23] simulating the creep-damage behaviour [24–27], loss or gain in the elastic properties 

consequently defining the mechanical constitutive law of the structure. 

First, the coupling modelling approach is explained. Then, the hydration process and the seawater 

attack chemical reactions are presented and the model coupling between hydration and seawater 

attack is detailed. In the end, the creep damage model formulation is presented. Therefore, the 

coupling between chemical and mechanical effects is justified. 

The results of the chemo-mechanical model are presented and analyzed at the microscopic and the 

mesoscopic levels. 

2. The problem formulation 

2.1. Coupling modelling procedure 

Considering that the main chemical transformations occur in the offshore structures at the scale of 

the cement matrix, the study focuses on mortar and cement paste. Creep is due to the viscoelasticity 

of the cement paste restrained by sand particles and aggregates [20,28,29]. The chemical attack of 

the seawater mainly affects the cement paste and not aggregates, provided that aggregates are not 

sensitive to Alkali-Silica Reaction (ASR). In order to propose a behaviour law for the matrix of 

concrete, only mortars and cement pastes have been simulated. At the scale of cement paste, the 

cement hydration and the chemical reactions with seawater ions are modeled to obtain a 

microstructure of cement paste formed by a heterogeneous solid skeleton and pores. At the mortar 

scale, the material is formed by two continuous media: the cement paste, with average properties 

calculated from the lower scale, and the sand particles.  

The proposed model presents the association of two codes: CemPP [22], for the simulation of the 

hydration and the chemical reactions at the scale of cement paste (Hydration-Seawater attack 

model) and the finite element code Cast3M [23] for the simulation of the creep-damage behaviour, 

loss or gain in the elastic properties consequently defining the mechanical strength of the structure 

(Mechanical model). The algorithm in Fig. 1 shows a graphical/visual summary on the multi-

scale chemo mechanical model. 
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The originality of the model resides in its capacity of considering the heterogeneity of the material. 

The cement paste represents a heterogeneous material composed from multiple phases of 

anhydrous cement and hydration products, such as 𝐶3𝐴, 𝐶2𝑆, 𝐶3𝑆, 𝐶𝐻, 𝐶𝑆𝐻, 𝑒𝑡𝑡𝑟𝑖𝑛𝑔𝑖𝑡𝑒, 𝑒𝑡𝑐. These 

phases and their properties are summarized in the Appendix A. The hydration of cement paste is 

modeled using CemPP v 0.2, based on the code CEMHYD3D v3 developed at NIST [30].  The 

digital volume is divided into 1µm3 voxels in order to consider precisely the smallest hydration 

products as much as the capillary porosity. The size of the cement paste volume should be well 

defined to be representative of the material and the physics of phenomena. The cement properties 

(mineralogical composition and kinetics parameters) are input parameters. 

Reactions due to seawater attack are considered in CemPP using a replacement mechanism of the 

reactant phases by the product phases (dedicated “Box replace pass”). The start and end of 

immersion time are defined as input parameters to the chemical model in order to trigger the 

chemical attack. Multiple 3D volumes of cement paste ( 𝑖𝑚𝑔𝑖 𝑎𝑡 𝑡𝑖) are generated as output from 

the hydration-seawater attack model.  

After generating the 𝑖𝑚𝑔𝑖 𝑎𝑡 𝑡𝑖, mechanical calculations are done at the same time 𝑡𝑖 by 

considering the 𝑖𝑚𝑔𝑖 as input data to the mechanical code (Cast3M).  

Mechanical calculations are done on 2D sections extracted from the 3D volume generated from 

the chemical model (CemPP). Mechanical evaluation consists of determining, at 𝑡𝑖, the 

compressive strength, the tensile strength, Young’s modulus and Poisson’s coefficient via a 

damage model, and the creep compliance via a creep model. 
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Fig. 1. Algorithm showing the multi-scale chemo mechanical model 

 

After defining the mechanical behaviour 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 elementary rigidity of the cement paste is determined by a creep simulation as follows. A 

homogenous cement paste with the same volume size of the heterogeneous volume tested at the 

lower scale, i.e. 100 µm of length, is created and the same creep test performed on the 

heterogeneous cement paste is simulated. For the homogenous cement paste the elementary 

rigidity is required as input data of the model. First of all, an arbitrary value is given and the strain 
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compliance is compared to that obtained on the heterogeneous volume. Then, the elementary 

rigidity (creep coefficients) is calibrated to obtain the same compliance curve obtained at the 

heterogeneous level. This value is finally used at the mortar scale for the cement paste. The 

representative elementary volume (REV) size of mortar is chosen equal to 5 times the diameter of 

the biggest inclusion. For the sand used (0-2 mm), the 10mm REV size is adopted. 

 

2.2. Stoichiometric equations of hydration and seawater attack 

The cement hydration considers the four basic constituents (𝐶3𝑆, 𝐶2𝑆, 𝐶3𝐴, 𝐶4𝐴𝐹) of clinker and 

calcium sulfate, leading to the formation of hydrates as follows (equations 1-8): 

𝐶3𝑆 + 5.3 𝐻 →  𝐶1.7𝑆𝐻4 + 1.3 𝐶𝐻 (1) 

𝐶2𝑆 + 4.3 𝐻 →  𝐶1.7𝑆𝐻4 + 0.3 𝐶𝐻 (2) 

𝐶3𝐴 + 6 𝐻 →  𝐶3(𝐴, 𝐹)𝑆𝐻6 (3) 

𝐶4𝐴𝐹 + 10 𝐻 →  𝐶3(𝐴, 𝐹)𝑆𝐻6 + F𝐻3 + 𝐶𝐻  (4) 

𝐶3𝐴 + 3C𝑆̅𝐻2 + 26 𝐻 →  𝐶6𝐴𝑆̅𝐻32  (5) 

𝐶4𝐴𝐹 + 3C𝑆̅𝐻2 + 30 𝐻 →  𝐶6𝐴𝑆̅𝐻32 + F𝐻3 + 𝐶𝐻  (6) 

2𝐶3𝐴 + 𝐶6𝐴𝑆̅𝐻32 + 4 𝐻 →  3𝐶4𝐴𝑆̅𝐻12 (7) 

2𝐶4𝐴𝐹 + 𝐶6𝐴𝑆̅𝐻32 + 12 𝐻 →  3𝐶4𝐴𝑆̅𝐻12 + 2F𝐻3 + 2𝐶𝐻  (8) 

 

Seawater chemical actions should be described as reactions taking place simultaneously [31], and 

seawater is composed of several ions forming different products. An experimental study carried 

out by [14] on ordinary concrete exposed for 10 years in a tidal zone of the Trondheim fjord, shows 

that the attack progressed in several zones as illustrated in Fig. 2.  
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Fig. 2. A schematic overview of the zoned attack caused by seawater in the concrete core and the associated phase changes 

as a function of depth. (1) Mg enrichment; (2) sulfate attack with ettringite and thaumasite formation and carbonation; (2 

and 3) calcium hydroxide leaching; (2–4) chloride ingress; and (5) unaffected concrete extracted from [14]. 

 

Seawater contains sulfate and chloride ions. Cement-based materials have higher compressive 

strength and lower expansion when chloride ions are present in the sulfate solution [13], and their 

presence can reduce expansion and degradation [17]. It is also known that a higher 𝑆𝑂4
2- 

concentration causes a higher expansion and degradation [12].  

A comparison was carried out on the behaviour of concrete subjected to sulfate attack in seawater 

and in groundwater. It was concluded that mortar has better performance in seawater than in 

groundwater [17] due to the presence of chloride ions in the first one. Therefore, seawater attack 

is significantly different from sulfate attack at equivalent sulfate concentrations.  

This can be explained by the faster diffusion of chloride ions and their chemical interactions with 

cement hydration products. The chloride action can lead to the formation of Friedel’s and Kuzel’s 

salts via equations 9 and 10 simultaneously: 

𝐶3𝐴 + 𝐶𝑎(𝑂𝐻)2 + 2𝐶𝑙− + 10𝐻2𝑂 → 𝐶3𝐴. 𝐶𝑎𝐶𝑙2. 10𝐻2𝑂 + 2 𝑂𝐻− (9) 

Friedel  

𝐶3𝐴 + 0.5𝐶𝑎(𝑂𝐻)2 + 0.5𝐶𝑎𝑆𝑂4 + 2𝐶𝑙− + 10𝐻2𝑂 →

𝐶3𝐴. (𝐶𝑎𝐶𝑙2)0.5. (𝐶𝑎𝑆𝑂4)0.5            

(10) 

Kuzel  
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The presence of sulfate can lead to the formation of gypsum and ettringite via the following 

equations 11 and 12: 

𝑀𝑔𝑆𝑂4 + 𝐶𝑎(𝑂𝐻)2  → 𝐶𝑎𝑆𝑂4 +  𝑀𝑔(𝑂𝐻)2 (11) 

𝐶𝑎𝑆𝑂4 + 𝐶3𝐴 + 32𝐻2𝑂  →  𝐶3𝐴. 3𝐶𝑎𝑆𝑂4. 32𝐻2𝑂   (12) 

Calcium carbonate 𝐶𝑎𝐶𝑂3, precipitates on the surface of concrete in the form of aragonite, vaterite 

and calcite via the reaction of calcium hydroxide and C-S-H with 𝐶𝑂2 dissolved in seawater as 

follows (equation 13): 

𝐶𝑎(𝑂𝐻)2 + 𝐶𝑂2 + 𝐻2𝑂 → 𝐶𝑎 𝐶𝑂3 + 2𝐻2𝑂  (13) 

Seawater also contains 𝑀𝑔2+ leading to the formation of a brucite layer on the  surface via the 

following reaction (equation 14): 

𝑀𝑔2+ + 𝐶𝑎(𝑂𝐻)2 → 𝑀𝑔 (𝑂𝐻)2 +  𝐶𝑎2+ (14) 

The formation of brucite and 𝐶𝑎 𝐶𝑂3 layers can act as protective layers that seal the concrete 

surface and limit the ionic diffusion into the cement paste. 

It is known that thaumasite is formed at low temperatures [14]. Several studies can be found in the 

literature [32,33]. Research has shown that a low temperature is not necessary for the formation of 

thaumasite as it be can formed in hot climate regions [34] or at room temperature (25 ℃) [35]. 

The formation of thaumasite directly involves a C-S-H gel, with a source of sulfate and a source 

of carbonate [35]. Its formation respects the following reaction (equation 15): 

3CaO. 2SiO2. 3 H2O + 2(CaSO4. 2H2O) + CaCO3 +  CO2 + 23 H2O →

2 Ca3 [ Si(OH)6 ](CO3)(SO4) . 12 H2O  

(15) 

 

2.3. Generation of the attacked microstructure 

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 simultaneously [31], and since the chemical reaction time has been assumed to be very fast 

and the characteristic size of the microstructure being very small, a total replacement of the cement 
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phases by their reaction product is adopted as presented in Table 1. Each layer represents ionic / 

chemical attack and product formation.  

 

Table 1: Phases replacement considered to model the modified microstructure in the chemical model  

 Phases I II III IV V VI Hydrated 

R
ea

ct
an

ts
 

Calcium hydroxide        

CSH        

Hydrated C3A        

P
ro

d
u

ct
s 

Brucite        

Calcite        

Thaumasite        

Gypsum        

Ettringite        

Friedel Salt        

 

To understand fully the effect of each phase formed or transformed on the mechanical behaviour 

of the structure, each layer is simulated separately as a material under hydration-chemical reaction 

coupling. Then, the multilayer modified microstructure is compared to the hydrated intact one. 

The simulation of the hydration-seawater attack coupling process was carried out on 100µm3 

cement paste using CemPP. Similarly to the experimental campaign carried out in [4], the 

immersion in seawater started at the age of 3 days and the end of exposure is assumed to be 6 

months. An Ordinary Portland cement CEMI 52.5 N was simulated. After 6 months the degree of 

hydration of Portland cement reaches 95% [36], thus the interactions between hydration and 

seawater attack become less significant. 

The mineralogical composition of the cement used as input parameter in CemPP is presented in 

Table 2. Cement hydration activation energy is considered 40 KJ/mol [37]. Fig. 3 presents an 

algorithm of the hydration-seawater attack model. 
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Table 2: Cement mineralogical composition 

Cement composition  

  CEMI 52.5 N 

C3S 60.0% 

C2S 16.3% 

C3A 7.7% 

C4AF 10.5% 

Gypsum 3.5% 

Other contituents 2.0% 

Cement properties 

Density (103 kg/m3) 3.16 

Blaine fineness (m2/kg) 400 

 

 

Fig. 3. Algorithm showing the model coupling between hydration and seawater attack 

 

 

2.4. Definition of the non-linear creep-damage problem 

 

The damage model developed by Fichant et al. [38,39] is adopted to model the damage in the 

microstructure of cement paste. The input parameters of the micromechanical damage model for 

each cement paste phase (Young’s modulus E, Poisson coefficient 𝑣, tensile strength 𝐹𝑡 and 
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fracture energy 𝐺𝑓) were gathered, from the literature, by Rhardane et al. (2020) and they are 

considered as intrinsic properties to the model. 

 

Fig. 4. Boundary conditions applied on a 2D section of cement paste at age ti 

The uniaxial load was applied as incremental horizontal displacements on one of the sides of 

section S while the opposite one is fixed as shown in Fig. 4. The total stress σ is calculated in the 

isotropic form of the following damage behaviour law (equation 16): 

 = Cd : e = (1 – D) C0 :e (16) 

where D represents the scalar damage value. It can be defined by the following [39] equation 17: 

𝐷 = 1 −
𝜅0

𝜀̃
𝑒−𝐵𝑡(�̃�−𝜅0) 

(17) 

where  𝜅0 represents the damage threshold and Bt a damage parameter linked to the tensile strength 

of the material which makes it possible to calculate the softening branch of the stress-strain curve 

[40].  𝜅0 depends on the tensile strength 𝐹𝑡  and the Young's modulus E according to the following 

(equation 18):  

𝜅0 =
𝐹𝑡

𝐸
  (18) 

Bt depends on the fracture energy 𝐺𝑓 according to the energy regularization [41] presented in 

equation 19:  

𝐵𝑡 =
ℎ𝐹𝑡

𝐺𝑓
 (19) 

where h represents the element size.  
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The model equations presented in this section were used to describe each phase present in the 

cement matrix. The phases properties considered were summarized in [37] and are presented in 

the appendix A.  

By applying a constant stress on the structure, creep is modeled using 4 chains of Kelvin Voigt. In 

the isotropic case, the creep compliance can thus be defined by the following equation 20: 

𝐽(𝑡) = ∑
1

𝜅𝑖

𝑛
𝑖=1 (1 − 𝑒

−
𝜅𝑖
𝜂𝑖

𝑡
)  

(20) 

where 𝜏𝑖 = 𝜂𝑖/𝜅𝑖  represents the characteristics times of the Kelvin-Voigt chains : 𝜏1 = 0,1 𝑑𝑎𝑦, 

𝜏2 = 1 𝑑𝑎𝑦, 𝜏3 = 10 𝑑𝑎𝑦𝑠 et 𝜏4 = 100 𝑑𝑎𝑦𝑠. 

The only unknown in this relation is the elementary rigidity of each phase 𝑘𝑖. A strong assumption 

is made here: all phases other than the C-S-H have a negligible viscoelastic behaviour compared 

to that of the C-S-H. They are then considered as elastic and restrain the deformation of C-S-H. 

This hypothesis is based on the solidification theory established by [28] for mature cementitious 

materials. The phases elementary rigidities are summarized in appendix A [37].  

 

3. Results analysis 

3. 1. Choice of the Representative Elementary Volume  

In micromechanical studies it is recommended to use a representative elementary volume size 

(REV) equal to more than four times the biggest inclusion diameter [42]. In the case of an explicit 

representation of a cement paste microstructure this condition is difficult to fulfill because there 

are not inclusions in the definition sense of micromechanics. The REV should be representative 

for each component . This is possible when these volume fractions are known. In the present study, 

the cement hydration can be checked only by comparing the hydration degree with experiments 

but the local volume fractions cannot be compared. That is why the last choice method of the REV 

cannot be used.  

To check the representability of the volume considered, multiple REV sizes (40µm, 80 µm, 100µm 

and 200µm) have been tested and the phases formed in 3D volume were compared to the average 

of the phases formed in multiple 2D sections (a section was made each 10 µm in depth). Fig. 5 
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shows a comparison between 3D and 2D fraction volume calculations for CSH, CH, C3A and 

porosity for a REV of 100 µ𝑚3. Results prove that 100 µ𝑚3 is a good compromise between the 

representability and the calculation time. 

It should be noted that 100 µ𝑚3 was used in multiple studies as a default value for hydration 

models and as a characteristic size for cement pastes in mechanical simulations [43–45]. 

  

  

Fig. 5.  Volume fraction comparison (in 2D and 3D) of the main phases: a. Porosity, b. CH , c. C3A and d. CSH  
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3. 2. Phases changes and their effect on the mechanical behaviour of cement 

paste  

Fig. 6 represents an example of output result obtained from the chemical model at the age of 28 

days (a 2D section of the various 3D microstructures generated from CemPP is illustrated in Fig. 

6).  

 

Fig. 6. Output results from the chemical model: 2D sections of each layer extracted from the 3D microstructures 

generated from CemPP at the age of 28 days. 

The color variation between the modified layers and the hydrated un-attacked layer highlights the 

phase changes in the microstructure:  

 Layer I : Brucite-rich layer (Grey color) 

 Layer II: Calcite-rich layer (Lime-green color) 

 Layer III: Thaumasite-rich layer (Olive color) 

 Layer IV: Gypsum-rich layer (White color) 

 Layer V: Ettringite-rich layer (Blue color) 

 Layer VI: Friedel salt rich layer (Brown color) 

Fig. 7 shows the influence of the combined hydration and seawater attack process on the porosity 

of each layer. Whatever the products formed, the porosity of cement paste decreased due to the 

formation of hydration products and corresponding volumes of chemically bound water. The 

highest porosity correspond to layer III, where all C-S-H is assumed to be converted into 

thaumasite. 
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Fig. 7. Evolution of the porosity of cement paste layers as a function of hydration time 

 

Fig. 8 presents the elastic properties variation for the six chemically modified layers and for the 

hydrated un-attacked layer [46]. It shows a reduction in Poissons’s coefficient in all layers except 

for layer III indicating that the combined hydration and chemical attack result in the decrease of 

the Poisson’s coefficient.  

  

Fig. 8. Elastic parameters variation with time: a. Poisson’s coefficient and b. Young’s modulus [46] 

 

In Fig. 9 the Young’s modulus is plotted against the porosity of each layer at each time indicated 

in Fig. 7. The graph shows the influence of the phase assemblage of the cement paste on the 

relationship between porosity and elastic modulus. Young’s modulus decreases because of cement 

hydration but each layer has a different behaviour depending on the phases formed during seawater 

attacks. This confirms the relevance of modelling strategy taking into account the different fronts 
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and chemical effects induced by external seawater attack. Fig. 10 represents the compressive (Fig. 

10.a) and tensile (Fig. 10.b) strength variations as a function of the microstructures age. The results 

confirm the influence of microstructural changes on the mechanical behaviour of cement paste 

layers. 

 

 

Fig. 9. Correlations between Young’s modulus and porosity of cement paste layers. 

  

Fig. 10. Layers strength variation with time: a. Compression and b. Traction 

   

It can be seen from Fig. 8 and Fig. 10 that the layer I rich in brucite, acting as a protective layer, 

maintains a rigidity similar to that of the intact hydrated layer but its compressive and tensile 

strength decreases. 
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In layer II, CaCO3 clogs the porosity at the surface and reduces ionic exchanges with the external 

environment. Higher rigidity and strength are observed in this layer. These results highlight the 

positive mechanical effects of this protective layer formed. 

Layer III is the layer modelling the CSH consumption and thaumasite formation. This layer records 

the smallest Young's modulus and the largest Poisson's ratio leading to a compressive and tensile 

strength almost null. In fact, this is due to the consumption of the main hydration product, therefore 

preventing the strength and rigidity improvements of the microstructure with time. 

The action of sulfate ions leading to the formation of gypsum (layer IV) increases the rigidity of 

the layer but reduces its strength. 

The reaction of the hydrated 𝐶3𝐴 with the ions present in seawater disrupts the behaviour law of 

the two layers V (rich in ettringite) and VI (rich in Friedel’s salt), but these layers maintain a 

Young's modulus similar to that of the un-attacked one. Young’s modulus evolutions curves 

remained almost similar in all layers: an increase is recorded in the first days than the modulus 

remained almost constant. A decrease in Young’s modulus after 6 months of exposure was 

recorded. The compressive strength evolution for layers V (rich in ettringite) and VI (rich in 

Friedel’s salt) did not stabilize like the other layers, but it increased at the age of 2 months then 

decreased at the age of 6 months highlighting the importance of the reaction with the hydrated 

C3A. 

3. 3. Effect of phases assemblage on the mechanical behaviour of cement 

paste 

Comparing the cement paste structure attacked by seawater to an intact one was achieved using a 

multilayer cement volume of 100 𝜇𝑚3, where each layer chemically modified is modelled as 10 

μm in depth. The layers thickness variations as a function of time have not been taken into account 

in this section. Therefore, two microstructures of cement pastes were modelled: 

 An intact hydrated cement paste microstructure  

 A multi-layered microstructure assembling the seven layers studied in section III.2 

Fig. 11 and Fig. 12 show the variation in elastic properties (Poisson’s ratio in Fig. 11.a and Young’s 

modulus in Fig. 11.b) and strength (Compressive in Fig. 12.a and tensile in Fig. 12.b) of the 

modelled intact and chemically modified microstructures, respectively. 
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Fig. 11. Elastic parameters variation with time for the hydrated and modified microstructure: a. Poisson’s coefficient and 

b. Young’s modulus 

  

Fig. 12. Strength variation with time for the hydrated and modified microstructure: a. Compression and b. Tension 

  

Similarly to the results obtained in Fig. 11.a, the seawater attack reduces the global Poisson’s ratio 

of the exposed microstructure (Fig. 11.a). As for the Young’s modulus, it remains the same in both 

microstructures (Fig. 11.b). 

It can be seen from Fig. 12 that the seawater attack reduces the global strength of the cement paste. 

However, at the microscopic level of the attacked layers a competition took place between strength 

and rigidity of each layer (Fig. 8 and Fig. 10). Some layers recorded a higher strength and others 

a lower strength.  

3. 4. Creep analysis of the attacked cement paste  

Fig. 13 shows the C-S-H percentages in each layer at the loading age (28 days) and the creep 

compliance variation for 3 years of loading. The load applied is equivalent to 30% of the structure 

strength at the age of loading. 
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It can be seen that the creep compliance increases rapidly during the first days of loading and then 

it follows an asymptotic evolution, describing a low viscoelastic displacement. 

The brucite-rich layer modeled in layer I and the CaCO3-rich layer modeled in layer II record a 

lower creep compliance than the intact hydrated microstructure. 

The layer III records a negligible creep compliance. This can be explained by the fact that the 

viscoelastic behaviour of C-S-H was considered while the other components remained elastic. 

Therefore, the absence of C-S-H in this layer implies a negligible creep. It is noteworthy to mention 

that this layer is also characterized by higher porosity (Fig. 7) and lower Young’s modulus, thus 

potentially higher elastic deformation. 

The layer IV, modelling the gypsum formation, records the smallest amount of C-S-H (29.47%), 

after the layer III, and therefore the second smallest creep compliance (with a maximal value of 

656 μm/m/MPa). 

The layer V, modelling the ettringite rich layer, records a creep compliance similar to the un-

attacked layer. 

The layer VI, modelling the chlorides action and the Friedel’s salt formation, has a creep 

compliance similar to layers I and II and lower than the un-attacked layer. 

The maximum creep compliance recorded after 3 years of loading reaches 650-850 μm/m/MPa). 
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Fig. 13. Creep compliance and CSH percentages of all the layers loaded at the age of 28 days 

 

In addition, simulations of creep were performed for cement pastes loaded at 4 and 6 months (Fig. 

14). It can be seen that there is no difference in the creep compliance between these two loading 

ages. It is because the microstructure has gained its strength and rigidity and C-S-H percentage 

does not increase significantly between these two loading ages. 

It can also be concluded from these figures that the ettringite rich layer recorded the highest creep 

and that the gypsum rich layer recorded the lowest creep at all ages of load application due the 

lowest amount of C-S-H. 

  

Fig. 14. Creep compliance and CSH percentages of all the layers loaded at the age of (A) 4 months and (B) 6 months 
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3. 5. Results analysis of attacked mortars 

Using the results obtained at the scale of cement paste, a homogeneous matrix was modeled using 

one phase. 

The creep coefficient “𝐾𝑖” values were determined by performing multiple simulations (trial and 

error). The “𝐾𝑖’’ adopted for mortar simulations are the ones that give the creep curve that fits the 

best with the heterogeneous cement matrix compliance curve. 

As for the compressive and tensile strength, Young’s modulus and Poisson’s coefficient, the values 

obtained using the heterogeneous material were adopted. 

The sand elastic properties (Young’s modulus and Poisson’s coefficient) have been obtained from 

an inverse analysis of elastic test on a mortar sample: Es = 78 GPa, νs = 0.2 [20]. Sand particles 

have diameters between 0 and 2mm, a density of 2.61 g/cm3 and represent 30% of the specimen 

volume. 

Fig. 15 and Fig. 16 show a comparison of the strength and rigidity of mortar and cement paste at 

the age of 28 days. 

The results highlight the effect of aggregates in the mechanical performance improvement of the 

structures [47–49]. From the compressive strength results, mortar actually shows a higher strength 

than cement paste for both hydrated and multilayer specimens (Fig. 16). Similarly, a higher 

Young’s modulus was recorded in the case of mortar volumes (Fig. 15). 

These figures also show that the strength of the chemically modified mortar is significantly lower 

than the intact hydrated mortar. This is due to the formation of phases that have a lower strength 

(in particularly layers I, III and IV presented in Fig. 10). It is also noteworthy to mention that 

simulations were performed with a percentage of phase’s modification of 100%, representing a 

high level of seawater degradation and therefore they could represent long-term immersion. The 

thickness of all the layers were taken equal, which also results in a high overall degree of 

degradation. 
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As for rigidity, similar values were recorded between modified and intact volumes. This can be 

explained at the microstructure level (Fig. 8) where the chemically modified layers have almost a 

similar elastic modulus. 

These results clearly highlight that the phenomena affecting the strength and rigidity of cement-

based materials are different. The evolution of Young’s modulus is mainly affected by the 

evolution of porosity (Fig. 7) and the modulus of the different phases. The evolution of strength is 

more complex, however it should be taken into account to describe accurately the mechanical 

behaviour of seawater attacked concrete structures. 

 

Fig. 15. Comparison between mortar and cement paste rigidity calculated at the age of 28 days 
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Fig. 16. Comparison between mortar and cement paste compressive strength calculated at the age of 28 days 

4. Conclusions  

The aim of this study was to provide a tool for the rapid mechanical evaluation of offshore 

structures and therefore a tool that can be used for the optimization and the development of durable 

marine constructions. Therefore microscopic and mesoscopic behaviour laws have been presented 

and studied for cement-based material exposed to seawater and mechanical loading.  

Results show the rigidity and strength evolution at the microscopic level. These parameters lead 

to a global mechanical evaluation at the mortar level, where a significant decrease in strength was 

recorded for structures immerged in seawater. The microscopic evaluation helps understanding the 

effect of each ion on the mechanical evaluation of the structure. It also highlights the competition 

between protective and damaged layers observed in marine environment [5,14]. Therefore, results 

show that the overall behaviour of a structure is influenced by the chemically modified phases and, 

it is therefore possible to outline the maximum permissible load as a function of the chemical 

degradation level of the structure. 

In addition, creep tests were performed at the microscopic level after different exposure periods 

by adapting the load at each time. In accordance with the creep results, we can conclude that the 

amount of C-S-H formed or transformed is linked to the creep deformations recorded. This can be 

explained by the model creep assumptions for which C-S-H has a high viscoelastic behaviour in 

comparison with the other components considered elastic. 
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This modelling method highlights the importance of examining all ions in seawater since each ion 

participates in either a gain or a loss in elastic properties, affecting the behaviour of the structure. 

While this model seems promising and presents information on the chemo-mechanical evaluation 

of offshore structures, coupling between chemical and mechanical evaluation is a challenge that is 

worth further evaluations. Additional applications for the model could be established to understand 

better the creep mechanism for offshore structures.  
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Appendix A 

Phase ID E (Pa) HD (Pa) v 
MV 

(Kg/m3) 
K1 (Pa) K2 (Pa) K3 (Pa) K4 (Pa) 

ETA1 
(Pa) 

POROSITY 
1.9000E
+09 

1.0000E
+06 

4.999
2E-01 

9.9707E
+02 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

C3S 
1.3740E
+11 

8.7000E
+09 

2.990
0E-01 

3.1500E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

C2S 
1.3546E
+11 

8.0000E
+09 

2.970
0E-01 

3.2700E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

C3A 
1.4523E
+11 

1.0800E
+10 

2.780
0E-01 

3.0380E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

C4AF 
1.5076E
+11 

9.5000E
+09 

3.180
0E-01 

3.7300E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

GYPSUM 
4.4530E
+10 

5.9820E
+08 

3.300
0E-01 

2.3200E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

HEMIHYD 
1.3200E
+11 

1.2456E
+09 

2.500
0E-01 

2.7300E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

ANHYDRI
TE 

8.8780E
+10 

1.8930E
+09 

2.330
0E-01 

2.9700E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

SFUME 
7.2050E
+10 

7.0000E
+09 

1.680
0E-01 

2.2000E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

BRUCITE 
8.3290E
+10 

1.0000E
+09 

1.830
0E-01 

2.3900E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

THAUMA
SITE 

4.5055E
+10 

3.5000E
+09 

3.100
0E-01 

1.6780E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

ASG 
7.1680E
+10 

7.0000E
+09 

1.690
0E-01 

3.2470E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

CaS2 
7.1680E
+10 

7.0000E
+09 

1.690
0E-01 

2.7700E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

CH 
4.3480E
+10 

1.4935E
+09 

2.940
0E-01 

2.2400E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

CSH 
2.3800E
+10 

1.1100E
+09 

2.400
0E-01 

2.1100E
+03 

1.2000E
+10 

7.2000E
+09 

4.8000E
+09 

9.5000E
+07 

2.4400E
+21 

C3AH6 
9.3838E
+10 

6.5600E
+09 

3.200
0E-01 

2.5200E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

ETTR 
2.4090E
+10 

7.9910E
+08 

3.210
0E-01 

1.7800E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

ETTRC4AF 
2.4090E
+10 

7.9910E
+08 

3.210
0E-01 

1.7800E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

AFM 
4.3151E
+10 

5.3000E
+09 

2.917
3E-01 

2.0100E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

FH3 
2.2400E
+10 

5.9040E
+09 

2.500
0E-01 

3.0620E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

POZZCSH 
2.3800E
+10 

1.1100E
+09 

2.400
0E-01 

2.1100E
+03 

1.2000E
+10 

7.2000E
+09 

4.8000E
+09 

9.5000E
+07 

2.4400E
+21 
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SLAGCSH 
2.3800E
+10 

1.1100E
+09 

2.400
0E-01 

2.1100E
+03 

1.2000E
+10 

7.2000E
+09 

4.8000E
+09 

9.5000E
+07 

2.4400E
+21 

CACL2 
4.2300E
+10 

1.4000E
+09 

3.240
0E-01 

2.1500E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

FRIEDEL 
2.2400E
+10 

1.5400E
+09 

2.500
0E-01 

1.8920E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

STRAT 
2.2400E
+10 

6.6295E
+09 

2.500
0E-01 

1.9400E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

GYPSUMS 
4.4530E
+10 

5.9820E
+08 

3.300
0E-01 

2.3200E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

CACO3 
9.6960E
+10 

1.4000E
+09 

2.960
0E-01 

2.7100E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

AFMC 
7.8950E
+10 

5.3000E
+09 

2.500
0E-01 

2.1400E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

INERTAG
G 

2.3800E
+10 

1.1100E
+09 

2.400
0E-01 

2.1100E
+03 

1.2000E
+10 

7.2000E
+09 

4.8000E
+09 

9.5000E
+07 

2.4400E
+21 

ABSGYP 
4.4530E
+10 

5.9820E
+08 

3.300
0E-01 

2.3200E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

DIFFCSH 
2.3800E
+10 

1.1100E
+09 

2.400
0E-01 

2.1100E
+03 

1.2000E
+10 

7.2000E
+09 

4.8000E
+09 

9.5000E
+07 

2.4400E
+21 

DIFFCH 
4.3480E
+10 

1.4935E
+09 

2.940
0E-01 

2.2400E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

DIFFGYP 
4.4530E
+10 

5.9820E
+08 

3.300
0E-01 

2.3200E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

DIFFC3A 
1.4523E
+11 

1.0800E
+10 

2.780
0E-01 

3.0380E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

DIFFC4A 
1.5076E
+11 

9.5000E
+09 

3.180
0E-01 

3.7300E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

DIFFFH3 
2.2400E
+10 

5.9040E
+09 

2.500
0E-01 

3.0620E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

DIFFETTR 
2.4090E
+10 

7.9910E
+08 

3.210
0E-01 

1.7800E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

DIFFCACO
3 

9.6960E
+10 

1.4000E
+09 

2.960
0E-01 

2.7100E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

DIFFAS 
2.3800E
+10 

1.1100E
+09 

2.400
0E-01 

2.1100E
+03 

1.2000E
+10 

7.2000E
+09 

4.8000E
+09 

9.5000E
+07 

2.4400E
+21 

DIFFANH 
2.3800E
+10 

1.1100E
+09 

2.400
0E-01 

2.1100E
+03 

1.2000E
+10 

7.2000E
+09 

4.8000E
+09 

9.5000E
+07 

2.4400E
+21 

DIFFHEM 
2.3800E
+10 

1.1100E
+09 

2.400
0E-01 

2.1100E
+03 

1.2000E
+10 

7.2000E
+09 

4.8000E
+09 

9.5000E
+07 

2.4400E
+21 

DIFFCAS2 
2.3800E
+10 

1.1100E
+09 

2.400
0E-01 

2.1100E
+03 

1.2000E
+10 

7.2000E
+09 

4.8000E
+09 

9.5000E
+07 

2.4400E
+21 

DIFFCACL
2 

4.2300E
+10 

1.4000E
+09 

3.240
0E-01 

2.1500E
+03 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

EMPTYDP 
1.9000E
+09 

1.0000E
+06 

1.000
0E-04 

1.2200E
+00 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 
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OFFSET 
1.9000E
+09 

1.0000E
+06 

1.000
0E-04 

1.2200E
+00 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

1.0000E
+30 

2.4400E
+42 

 


