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Abstract

The thesis is devoted to study the degradation mechanisms of cement-

based materials in contact with aggressive aqueous solutions, including the

process of chemical reactions between cement constituents and pore solu-

tion with intruded ion spices, the subsequent variation of elastic moduli

due to constituents transformation and the overall mechanical behaviour

based on the nonlinearity of chemically degraded material. The proposed

methodology presents the integrated solution for cement-based materials

under requirements of various serving conditions, long duration lifetime

and multi failure criteria.

The reactive transport model is employed to reproduce the dissolution and

precipitation of cement constituents with thermodynamic equilibrium and

kinetic laws. The Mori-Tanaka micromechanical model accommodates

solid phases of cement-based materials with micromechanical behaviour

and evaluate the elastic properties of the material in the present study.

The post-peak behaviour of the material due to microcracks propagation

is captured with the displacement based non-local damage model, and

subsequently the overall flexural performance.

The process of chemical degradation of ordinary Portland cement (OPC) is

predominated by the portlandite dissolution and calcium silicate hydrate

(C-S-H) decalcification, and the diffusion-controlled progress is slow in real

service conditions. The long-term performance of cement-based materials

exposed to aqueous solutions is simulated up to 1000 years by reactive

transport model with the calibrated parameters. The chemical reactions

between cement constituents and diffused ion species result in porosity

change, which is adopted to determine the relation of the corrosion depth

versus square root of time. The corrosion rate can be reduced by the

precipitation of calcium carbonate in cement matrix exposed to carbonate

ions enriched solutions.
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The dissolution and precipitation of cement constituents render the vari-

ation of material microstructure, and subsequently the relevant change of

elasticity. The Mori-Tanaka scheme is employed to evaluate the elastic

moduli of chemically degraded cement-based materials, which can cause

the microcracks under external loading due to the stiffness reduction. The

propagation of mechanical damage is evaluated by the non-local contin-

uum damage model, and converted into porosity change of the material,

which in turn promotes the progress of chemical degradation. The fully

coupled chemo-mechanical simulation is able to demonstrate the instanta-

neous interaction between chemical degradation and mechanical damage,

which can result in marked differences with the non-coupled case.

The calcium carbonate precipitation is a common phenomenon in cement-

based materials, and plays an important role in chemo-mechanical degra-

dation. Magnesium ions can be incorporated into the amorphous calcium

carbonate reducing its solubility. The formation of amorphous calcium

magnesium carbonate is observed on the surface of cement-based materi-

als exposed to aqueous solution rich in magnesium, of which the sealing

effect is demonstrated by both experiments and numerical simulations.

The calcium carbonate layer forms within cement matrix without the pres-

ence of magnesium in the leaching solutions, and can cease the progress

of chemical degradation by clogging the pore space. The interaction of

pH and CO2 concentration causes the dissolution/re-precipitation of cal-

cium carbonate, presenting a shifting calcium carbonate layer towards the

interior of the material. The influences of cement constituents transfor-

mation, including the precipitated calcium carbonate, is evaluated by the

aforementioned methodology, which is subsequently applied to investigate

the overall mechanical performance.

The proposed methodology accommodates the dissolution/precipitation

of cement constituents and relevant mechanical behaviour, is suggested to

be applied to other chemo-mechanical related projects in future studies.

Keywords : Cement Durability; Coupled Degradation; Calcium Car-

bonate; Elasticity Change; Microstructure; Non-Local Damage; Reactive

Transport Model.
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Chapter 1

Introduction

The durability of cement-based materials involves a complex chemical and physical

process, especially for infrastructures exposed to aqueous solutions carrying aggressive

ion species. The external environment poses a threat to the integrity of the material

by triggering a series of chemical reactions with cement constituents, which weakens

material properties with regard to serviceability.

The chemical degradation is the source for initiating the deterioration of cement-

based materials, and occurs in various processes depending on the compositions in

external solutions. Water plays an essential role in chemical degradation as both re-

action medium and participant. Under this context, the universal chemical reaction

is the dissolution of cement constituents regardless of the composition of aqueous

solutions, which results in the change of microstructure and elastic properties for the

material. Therefore, the investigation of chemical degradation for cement-based ma-

terials should base on the water-induced chemical reactions, meanwhile consider other

simultaneous reactions according to the specific type of ion species in the external en-

vironment. The dissolution/precipitation of cement minerals within material matrix

can significantly influence the transport and mechanical properties, and subsequently

lead to microcracks under external loading by affecting the equilibrium of initial con-

dition. It is inevitable to accommodate the mechanisms of both chemical reactions

and mechanical damage to study the degradation of cement-based materials.

1.1 Background

The progress of chemical degradation is determined by the diffusion of ion species

in the pore space of cement matrix [1], therefore the diffusion-controlled process is

relatively slow, up to thousands of years [2]. In order to reduce time cost, various

The coupled chemo-mechanical degradation of cement-based materials
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experimental methods have been employed to accelerate the degradation of cement-

based materials in laboratory environment, for instance, increasing the concentration

of ion species [1, 3], applying the external electric field [4] and aggravating the phys-

ical boundary conditions [5]. The existing experimental outcomes demonstrate the

mechanisms of cement degradation in significantly shortened duration, which verifies

the efficiency of methods for the accelerated degradation. However, the extrapolation

of these outcomes to real service life and engineering applications is infeasible due to

the unsubstantial laboratory setting.

In terms of predicting the long-term degradation, the corrosion depth of cement-

based materials is normally adopted as a principal indicator, and analytically pro-

portional to the square root of time due to the diffusion-controlled feature of degra-

dation [6]. In experiments, phenolphthalein can be applied on the cut surface of

specimens to indicate the corrosion depth on the basis of pH dependence, which is

not accurate since chemical degradation occurs before the pH of pore solution signif-

icantly decreases [7].

With the availability of computational methods, numerical modelling of chemical

degradation is developed to investigate the performance of cement-based materials.

The initial model is proposed to simulate the ion transport and subsequent matrix

dissolution of cement in a phenomenological method [8, 9], which simplifies chemical

reaction with the equilibrium of calcium concentrations. In this sense, the model is

unable to reproduce chemical reactions specifically and incorporate the precipitation

of cement minerals. Reactive transport modelling accommodates both ion transport

and aquatic chemistry, and has been widely applied to chemical related studies of

porous media [10–12]. The chemical reaction is evaluated based on thermodynamic

equilibrium and kinetic constraint, which offers a convincing solution [13].

The coupled degradation for cement-based materials involves modelling of chem-

ical reaction, mechanical damage and coupling scheme, any module of which can

potentially be improved and subsequently enhance the overall solution.

In existing studies, reactive transport model has gradually replaced the phe-

nomenological method to simulate the chemical degradation in detail. In addition,

the proper development of microcracks is a crucial aspect for influencing the process of

reactive transport, and essential to investigate the overall mechanical behaviour [14].

The non-local damage techniques [15, 16] can describe the material non-linearity for

capturing the post-peak behaviour of mechanical performance, which however has

not been widely realized.
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The interaction between chemical and mechanical degradation requires that the

model is able to immediately feed back either of the degradation outcomes to the

coupled process. Therefore, the integrated coupling scheme is necessary to overcome

the inadequacy of existing studies to achieve the fully coupled degradation for cement-

based materials. For the aforementioned phenomenological method, the chemical

degradation is straightforwardly linked to porosity and/or Young’s modulus [17–22],

which is a practical simplification but insufficient to reveal fundamental mechanisms.

With the output of reactive transport model, the residual amount of each solid phase

in cement material is obtained as the result of chemical degradation, which needs to

be converted to residual mechanical properties. To achieve this, the micromechanical

behaviour of each solid phase is supposed to be taken into account to precisely evaluate

the elastic moduli of the degraded material. The micromechanical models, such as

Mori-Tanaka [23], generalized self-consistent [24] and interaction direct derivation

schemes [25], are available for the evaluation of material elasticity.

Subsequently, the weakened material is unable to maintain the initial equilibrium,

and results in mechanical damage under external loading, which can increase voids

within the material matrix. The microcracks can change transport properties and

promote the reactive transport process as the feedback to chemical degradation [11,

14, 21, 22]. The incorporation of mechanical damage needs to be consistent with the

chemical model, of which the methods are generally to update porosity of material

matrix or the tensors of transport and stiffness properties. In terms of capturing the

post-peak behaviour, non-local damage modelling is suggested in literature [11], but

has not been widely adopted yet for the coupled chemo-mechanical degradation.

The coupled chemo-mechanical degradation varies with specific circumstances,

since the composition of external solutions determines the undergoing chemical reac-

tions and subsequent impacts on material properties. The precipitation of calcium

carbonate in cement-based materials is a universal phenomenon in natural environ-

ment due to the abundance of CO2 [7], and has great potential in industrial appli-

cations, for example, carbon capture and storage [3, 26], cement/concrete restora-

tion [27–29], and geological disposal [30].

The crystallization pathway of calcium carbonate is highly dependent on com-

positions in aqueous solutions, and can exert different influences on the process of

cement degradation. The amorphous calcium carbonate is normally a precursor for

the crystallization of CaCO3 [31–33], which can be affected by the pH value of reactive

solution [34]. Vaterite is demonstrated to be the precursor prior to the transformation
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from amorphous calcium carbonate to calcite [35, 36]. With the presence of magne-

sium ions, Mg/Ca ratio in the reactive solution plays an important role in amorphous

calcium carbonate crystallization [34, 36], since magnesium ions can exert a stabiliz-

ing effect due to high dehydration energy [37, 38], and the formation of amorphous

calcium magnesium carbonate occurs in the condition of Mg/Ca ratio ≥ 1:8. In

terms of cement-based materials exposed to carbonated brine, the experiments [3, 39]

demonstrate that the formation of ACMC layer seals the water/cement interface and

protects cement matrix from further chemical degradation.

The clogging effect due to the formation of CaCO3 layer within material matrix

is of interest [40–44] for ceasing/reducing chemical reactions. Meanwhile, the concen-

tration of external aqueous solutions can result in the dissolution and re-precipitation

of the carbonate layer presenting a trend of shifting inwards [3]. The calcium carbon-

ate has been proven to be effective in enhancing elasticity of cement-based materi-

als [45, 46]. Therefore, the evaluation of residual elastic moduli and coupled behaviour

become more complicate than the case of non-carbonation.

1.2 Objectives

In the present project, the study is implemented with three-level objectives, which

represent innovations of coupled chemo-mechanical degradation for cement-based ma-

terials.

Objective 1 : The long-term performance for cement-based materials subject to

chemical degradation

• Investigation of chemical degradation process of cement-based materials up to

1000 years with numerical modelling for overcoming difficulties of extrapolating

accelerated experimental outcomes.

• Determination of corrosion depth by dissolution/precipitation of cement min-

erals, and evaluation of corrosion rate for cement-based materials leached by

various groundwater.

Objective 2 : The fully coupled chemo-mechanical degradation for cement-based

materials
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• Incorporation of reactive transport model, non-local damage and micromechan-

ical model for consummating aquatic chemistry, microstructural behaviour and

microcracks propagation in coupled chemo-mechanical degradation.

• Fully coupling the interaction between chemical and mechanical degradation

process, and exploring the significance by contrast to the non-coupled case.

Objective 3 : The chemo-mechanical behaviour of cement-based materials exposed

to carbonate brine

• Investigation of the formation and subsequent effect of carbonate layer for

cement-based materials exposed to magnesium rich carbonated brine.

• Evaluation of the chemo-mechanical behaviour of calcium carbonate precipi-

tation within cement matrix with regard to the interaction of pH and CO2

concentration.

1.3 Outline of thesis

The deterioration of cement-based materials subject to both aggressive environmental

conditions and mechanical loading is studied in this thesis, which consists of three

manuscripts in Chapter 2 - 4. Each of the chapters is titled as the generalization of

whole content of the corresponding manuscript in consistence with the framework of

thesis.

In Chapter 2, the long-term performance for cement-based materials subject to

chemical degradation is studied to achieve Objective 1. The mechanism of the long-

term chemical degradation for oilwell cement is investigated with reactive transport

model, demonstrating the process of the complicated dissolution/precipitation of ce-

ment minerals under the chemical attack of aggressive solutions. The portlandite is

the first solid phase dissolving in the reactions at a pH value of approximate 12.5,

and adopted to identify the degradation front. The depletion of portlandite can cause

the rapid decline of pH and subsequently promote the dissolution of C-S-H. The pa-

rameters of oilwell cement are calibrated with available experimental data to evaluate

the corrosion depth. The long-term performance of cement subject to various under-

ground water is investigated for a nominal service life of 1000 years. The relation

between corrosion depth and the square root of time is captured in simulations. The
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deionized water poses a greater threat to cement-based materials comparing the cor-

rosion rate with that of underground water, which is further demonstrated as a result

of the chemical reactions between ion spices in underground water and those in pore

solution of cement. In the carbonate rich case, the precipitation of calcium carbona-

tion is captured and demonstrates a protective effect to the material by reducing or

even clogging the pore space. The chemical degradation studied in this chapter is the

preliminary work for the modelling of the coupled degradation.

In Chapter 3, the fully coupled chemo-mechanical degradation for cement-based

materials is studied to achieve Objective 2. A displacement based non-local damage

model is developed in Matlab to evaluate the propagation of microcracks, which is

coupled with the reactive transport model to simulate the interaction between chem-

ical reactions and mechanical loads. The significant reduction of Young’s modulus of

cement-based materials subject to leaching is evaluated by Mori-Tanaka scheme, and

the evolution of elastic threshold is assumed to be the same as the way of mechanical

damage. Since the chemically induced stiffness loss is validated with experimental

results on the material level, the three-point bending test is simulated on the par-

tially leached mortar beam to evaluate the residual structural performance with the

mechanical damage model. The numerical modelling is subsequently focusing on the

mutual effect between chemical degradation and mechanical damage of cement-based

materials subject to the aggressive aqueous solutions to couple the two mechanisms

in the duration of 114 days. The fully coupled chemo-mechanical modelling, and per-

formed in a staggered manner, and evaluates the chemical degradation and mechanical

equilibrium of the mortar beam on an eight-day cycle. The overall propagation of

microcracks in the coupled case exhibits a different pattern with that in non-coupled

case. It is noteworthy that the coupled chemo-mechanical degradation can gener-

ate the greater degradation and localized in a convex area, which can retard the

propagation of mechanical damage in reloading stage by contrast to the non-coupled

case. The proposed methodology of coupled chemo-mechanical degradation is able

to evaluate the microscale variation and effect of the material constituents and the

macroscale structural behaviour, and is practical to evaluate durability of engineering

materials for the chemo-mechanical degradation related infrastructures.

In Chapter 4, the chemo-mechanical behaviour of cement-based materials exposed

to carbonate brine is studied to achieve Objective 3. The coupled chemo-mechanical

damage model is applied to the effect of calcium carbonate precipitation for cement-

based materials. Carbon dioxide dissolves into water and generates aggressive ion
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species which can cause reactions of both dissolution and precipitation. The forma-

tion of calcium carbonate depends on the compositions of the aqueous solution to

which the material is exposed. The magnesium ions can promote the nucleation of

amorphous calcium carbonate and the transformation to crystalline, which is inves-

tigated and demonstrated with contrast experiments in this chapter. The protec-

tive effect of amorphous calcium magnesium carbonate for cement-based materials is

simulated by numerical modelling. In the absence of magnesium ions, the interac-

tion of pH and CO2 concentration of pore solution is demonstrated to be consistent

with experimental outcomes. In order to comprehensively understand the dissolution

and re-precipitation of calcium carbonate layer within material matrix, the detailed

analysis of the weakening and strengthening effect is performed with the coupled

chemo-mechanical modelling, and extended to the overall flexural performance for

beams.
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[5] Nadine Neuville, Eric Lécolier, Georges Aouad, Alain Rivereau, and Denis Dami-

dot. Effect of curing conditions on oilwell cement paste behaviour during leaching:

Experimental and modelling approaches. Comptes Rendus Chimie, 12(3–4):511

– 520, 2009.

[6] Haifeng Yuan, Patrick Dangla, Patrice Chatellier, and Thierry Chaussadent.

Degradation modelling of concrete submitted to sulfuric acid attack. Cement

and Concrete Research, 53:267 – 277, 2013.

[7] H. F. W. Taylor. Cement chemistry. Thomas Telford, London, second edition,

1997.

[8] B. Gérard. Contribution des couplages mécanique-chimie-transfert dans la tenue
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of Engineering Mechanics, 113(10):1512–1533, 1987.

[16] R. H. J. Peerlings, R. De Borst, W. A. M. Brekelmans, and J. H. P. De Vree.

Gradient enhanced damage for quasi-brittle materials. International Journal for

Numerical Methods in Engineering, 39(19):3391–3403, 1996.

[17] G. Pijaudier-Cabot, B. Gérard, and L. Molez. Damage mechanics of concrete

structures subjected to mechanical and environmental actions. In: R. de Borst,
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[33] Attila Demény, Péter Németh, György Czuppon, Szabolcs Leél-Őssy, Máté
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Chapter 2

The long-term chemical
degradation

In this chapter, the study of long-term chemical degradation is presented as a pub-

lished journal paper which is

Zhongcun Zuo and Terry Bennett : Simulation of the degradation of oilwell cement

for the prediction of long-term performance, Construction and Building Materials,

Volume 202, 30 March 2019, Pages 669-680.

The paper is available at

https://www.sciencedirect.com/science/article/pii/S0950061819300625
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Simulation of the degradation of

oilwell cement for the prediction of

long-term performance

Abstract

The cement sheath surrounding a wellbore forms an important barrier to maintain

well integrity beyond the service life of a well. The understanding of the potential

degradation of well cement, as a result of exposure to groundwater, is therefore neces-

sary to determine if this barrier remains intact or remedial action is required at some

time in the future. A reactive transport model of a well cement is developed and

calibrated to accelerated laboratory tests. The calibrated model of cement is subse-

quently exposed to different groundwater compositions for a simulated time period of

1000 years. The results of these simulations demonstrate that the groundwater com-

position affects the long term degradation through the dissolution of portlandite and

C-S-H. The precipitation of calcite has a protective effect by filling the pore space and

subsequently reducing the intrusion of aggressive aqueous species in the surrounding

formation.

Keywords : Long-Term Performance; Oil Well Cement; Corrosion Modelling.
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2.1 Introduction

There are around 10000 hydrocarbon boreholes drilled onshore in Australia, and

at least 4 million onshore hydrocarbon wells worldwide [1]. The oilwell structure

consists of steel casing strings and cement annulus between each casing string and

between the outermost casing string and the surrounding formation. Wells drilled to

explore for and extract hydrocarbons will penetrate shallower strata before reaching

the target horizons, therefore the outermost sheath of cement is vital in providing

zonal isolation between different fluid bearing strata and the reservoir. In practice,

the nominal annular thickness is determined by the size of casing and drill bit. For

convenience of the placement of casing and cement, the drill bit is larger than the

casing for several centimetres, whereas the actual thickness of the annulus may vary

significantly due to the eccentricity of the casing [2].

Over the depth of a well, the cement sheath, between the steel casing and for-

mation, will come into direct contact with fluid bearing strata. The formation fluids

contain aqueous species which can be potentially chemically aggressive to the ce-

ment. These species can be transferred from the formation rock pore space into the

cement pore space via the mechanisms of advection and diffusion, however diffusion is

normally the predominant process for transport of chemical components. The chem-

ical reactions that occur between the formation fluid and the cement are acid–base

reactions, mineral dissolution and precipitation, surface complexation and ion ex-

change [3]. These reactions proceed from the interface of the cement and formation,

progressing with time towards the steel casing. These reactions develop an altered

zone of cement, the properties of which are generally poorer than those of the original

cement. The chemical changes to the cement in turn change the porosity and perme-

ability of the cement, which aggravates the penetration of aggressive species [4]. In the

worse case scenario, the cement sheath could become a relatively high-permeability

conduit for subsurface fluid to migrate [5] in the presence of a pressure gradient.

Various degradation experiments have been conducted to investigate the trans-

port and chemical reactions of solutes within well cement. In these experiments, the

cement specimens were immersed in brine with high concentration of aqueous species

to cause significant change in the composition and properties of cement. Le Saoût et

al. [6] conducted leaching tests and subsequently performed chemical analyses on the

near surface of the altered zone of cement samples to determine the variation of ce-

ment composition after one year of immersion in a solution of neutral pH and 0.35 M

NaCl. Matteo and Scherer [7] performed uniaxial chemical attack of cement samples
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with hydrochloric acid for a period of 50 hours. The corrosion rate was measured and

the dependence of temperature and pH were determined. Neuville et al. [8], using the

same brine composition as Le Saoût et al. [6], characterised the chemical and physical

properties of oilwell cement after 3 months of leaching at elevated temperature and

pressure. The process of the cement degradation observed in these tests was invari-

ably accelerated by the strong acid and/or high concentration of the brine to enable

observable cement degradation in a relatively short time duration.

Accelerated experiments have been demonstrated to be effective to realise cement

degradation in a laboratory setting, however comparison and extrapolation of the

results to real service conditions and time scales are troublesome. The diffusion–

controlled chemical degradation progress is relatively slow, even under high tem-

peratures, it would take 10,000 years for the degradation of less than 1 meter of

cement [9]. Reactive transport modelling has been used to evaluate long term chem-

ical variations, for example the water–rock interaction of Yellowstone [10] and the

thermal–hydrological–chemical effects at Yucca Mountain [11] in geothermal systems.

In the context of wells, simulations involving the carbonation of oilwell cement

have been conducted in the feasibility studies of CO2 sequestration [12–15]. These

works primarily focus on the transport and solubility of CO2 in the subsurface and

not specifically on the degradation of cement. Huet et al. [16] focussed attention on

the process of cement carbonation by applying reactive transport modelling to predict

the changes in the properties of cement, and validated the results with accelerated

experiments [17].

The evaluation of the durability of cementitious materials has been considered

as a relevant issue in a broad range of industry sectors. According to the available

literature, the simulation of Gaĺındez and Molinero [18] shows the mineralogical trans-

formations of cement after exposed to a leaching solution for 1000 years. In the study

of Jacques et al. [19], a simplified system model of cement was adopted for the eval-

uation of degradation front. Grandia et al. [20] simulated the fronts of the chemical

degradation with an integrated cement model, however, the process of mineral forma-

tion was not implemented. In terms of the relationship between degradation depth

and time, Yuan et al. [21] predicted the degradation rate based on a linear relationship

between the degradation depth and the square root of time. The quantitative mea-

surement of long–term degradation needs to be studied further, due to the complexity

of physical and chemical processes involved. Reactive transport models can incorpo-

rate specific cement composition, and solve the chemical degradation on the basis
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of thermodynamic equilibrium and kinetic constraints. The mass transport, includ-

ing ion diffusion and adsorption, determines the amount of ion species reacting with

cement matrix in each time step. The key parameters in the transport model need

to be calibrated by experiments, which requires an experimental outcome available

for quantitative comparison with that of simulation. In this study, the experimental

outcome is degradation depth, and subsequently is adopted as the parameter for the

evaluation of long–term degradation. The aim of this paper is to develop a method,

from parameter calibration by experiment to simulation of long–term degradation, to

evaluate the degradation depth and rate of oilwell cement after exposure to formation

waters for up to 1000 years.

An overview of the reactive transport modelling approach is given in section 2.2

before the model is employed to simulate accelerated tests in section 2.3. The ac-

celerated tests are used to investigate the sensitivity of, and calibrate, the model

parameters for cement used in long term simulations. Long term simulations of ce-

ment degradation are performed in section 2.4 with the cement exposed to differing

formation waters.

2.2 Modelling approach

The evaluation of cement degradation requires the coupling of chemical reactions with

ion transport processes. Reactive transport modelling [22] of geochemistry can be

applied to porous and fractured media with physical and chemical heterogeneity, and

accommodate any number of chemical species present in liquid, gas and solid phases.

The chemicals in the brine are transported by advection and diffusion, allowing the

dissolved minerals and other species to be carried in solution through the pore space.

2.2.1 Transport equations

The process of chemical degradation of cementitious materials exposed to acidic

solutions is diffusion-controlled [7]. The transport of aggressive species, the reac-

tants of chemical degradation, is governed by diffusion. Since the Coulombic force

among charged ion species can have an impact on the diffusion, the Nernst-Planck

model offers a better description meeting the actual process of ion transport phe-

nomenon [23–25]. Huet et al. [16] considered that the electrical coupling between

the species was likely to be a second order effect compared to the tortuosity of ce-

mentitious materials. Arnold et al. [26] compared Fickian with Nernst-Planck model
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with three leachants: deionized water, ammonium nitrate and waste form solutions.

The ammonium nitrate case of Nernst-Planck model exhibit greater departure from

that of Fickian model as opposed to the other two cases, the speciation of NH4 and

NO3 proving to be the primary factor for the differences. Arnold et al. [26] just

concluded that electrical coupling between ionic species is significant for the case of

strong nitrate solutions, which is commonly adopted accelerated agent to boost the

rate of degradation. In terms of the other two leachants that match the practical

service conditions better, the differences of simulated results between Fickian and

Nernst-Planck model are slight or even negligible.

In this study, Fickian diffusion model is employed, and the diffusive flux of species

i in aqueous solution is defined as

Ji = −De
∂Ci
∂x

(2.1)

De = φτ0τD0 (2.2)

where De is the effective diffusion coefficient of species i, Ci is the concentration of

species i, φ is porosity, D0 is the diffusion coefficient of ion species in bulk water, τ0τ

is the tortuosity including a porous medium dependent factor τ0 and a coefficient τ

that depends on water saturation Sl. The tortuosity is calculated from the Millington

and Quirk model [27] as

τ0τ = φ1/3S
7/3
l (2.3)

Ion species in aqueous solution are electrically charged, and tend to separate from

each other due to different diffusive velocity. The faster ions are retarded under the

action of Coulombic force, while the slower ions are expedited in turn [25]. The

diffusion coefficient is set as an average value, which is the approach adopted for well

cement degradation [12, 16], and is commonly used in other applications [28, 29].

The general governing equation of 1D transport model is described as

∂Mi

∂t
= −∂Ji

∂x
+ qi (2.4)

where Mi is mass accumulation term for species i in aqueous solution, and x is the

diffusive distance. qi is the source/sink term of species i and expressed as

qi = qis + qil + qia (2.5)
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where qis, qil and qia denote releasing or capturing species i as a result of mineral dis-

solution/precipitation, aqueous complexation and physical adsorption on the surface

of C-S-H particles.

The mineral precipitation and dissolution render the volume variation of solid

phase in matrix, eventually resulting in porosity change. The porosity is calculated

as

φ = 1−
Nm∑
m=1

frm (2.6)

where Nm is the total number of minerals, and frm, volume fraction, is the volume

proportion of mineral m in the medium [30]. As a result of mineral precipitation and

dissolution, the volume fraction of each mineral varies in the course of simulation,

and subsequently the porosity is calculated in each time step by equation (2.6).

The mass accumulation Mi is defined as the product of porosity φ and the con-

centration Ci, homogenizing the transport equation for porous medium. Therefore,

equation (2.4) is expressed as

∂φCi
∂t

= De
∂2Ci
∂x2

+ qis + qil + qia (2.7)

2.2.2 Surface complexation model

In cementitious materials, the physical sorption of aqueous species on calcium silicate

hydrate (C-S-H) has been studied in experiments [31–34]. Dzombak and Morel [35]

developed the diffuse layer model, the surface complexation model, to describe the

physical and chemical reactions between solutes and the specific surface sites. In this

model, two layers of charge are formed at the solid/liquid interface: a surface layer

and a diffuse layer of counterions. The surface layer is comprised of specifically sorbed

ions, and the diffuse layer consists of nonspecifically sorbed ions. The surface charge

density σ(C ·m−2) is considered as a function of the sorption densities of surface sites

σ = F
[
ΓH − ΓOH +

∑
(ZmΓM) +

∑
(ZAΓA)

]
(2.8)
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where F is the Faraday constant (96485C ·mol−1), and Z is the valance of a sorbing

ion. The sorption densities of surface sites (mol·m−2) of protons, hydroxyl ions, sorbed

cations and anions are denoted by ΓH , ΓOH , ΓM and ΓA individually. Specifically, the

ions, for example OH+
2 , O−, OM+, A−, constitute the surface layer, and the surface

charge density is

σ =
F

AS

[(
≡ XOH+

2

)
+
(
≡ XOM+

)
−
(
≡ XO−)− (≡ XA−)] (2.9)

where A is the specific surface area (m2 ·g−1) , S is solid concentration (g ·m−3). The

term in bracket is the concentration of surface complexes (mol · kg−1).

For a symmetrical electrolyte with valence Z, the surface charge density based on

the Gouy–Chapman theory is related to the surface potential Ψo (V ) by

σd = (8000RTεεoc)
1
2 · sinh (ZΨoF/2RT ) (2.10)

where R is the molar constant (8.354J ·mol−1 ·K−1), T is the absolute temperature

(K), ε is the relative dielectric constant of water (ε = 78.5 at 25◦C), εo is the

permittivity of free space (8.854× 10−12CV −1m−1) and c is the molar electrolyte

concentration (mol).

The equivalent relationship of charge balance of the diffuse layer model is

σ + σd = 0 (2.11)

Therefore, substituting equation (2.9) and (2.10) into equation (2.11) can obtain

F

AS

[(
≡ XOH+

2

)
+
(
≡ XOM+

)
−
(
≡ XO−)− (≡ XA−)]

+ (8000RTεεoc)
1
2 · sinh (ZΨoF/2RT ) = 0

(2.12)

With the diffuse layer model, the surface potential and the total number of ad-

sorbed ions for a C-S-H surface subjected to an ionic solution can be obtained. The

solid solution model of Kulik and Kersten [36] was adopted by Lothenbach et al. [37]

to model C-S-H in cementitious materials. The C-S-H surface site density correlated
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with the surface charge density is the crucial parameter in the model. The crys-

tal structure of the C-S-H phase, which determines the number of types of surface

sites, has been generally considered as the Tobermorite or Jennite [38]. Two surface

sites, silanol (≡ SiOH) and silandiol (≡ Si (OH)2), have been studied by Pointeau

et al. [39]. Viallis-Terrisse et al. [32] conceived that the whole surface of C-S-H is

comprised of one type of surface site (≡ SiOH). Heath et al. [40] presumed that

silanol (≡ SiOH) and calcium (≡ CaOH) sites consists of the C-S-H surface. Since

the C-S-H surface site have been not thoroughly expounded, with the available data

of equilibrium constants and specific surface area, silanol (≡ SiOH) is considered as

the only surface site for the physical ion adsorption in this study.

The complexation reactions involved in this study are tabulated in table 2.1. The

specific surface site (A) of C-S-H is the specific surface area 500 m2 · g−1 [32], and the

sorption density (ΓC−S−H) is 8× 10−6 mol ·m−2 [34].

The equilibrium of ion adsorption can be described by the equilibrium constant

K. For example, the equilibrium constant of calcium ion adsorption is

K =
[≡ SiOCa2+] {H+}
[≡ SiOH] {Ca2+}

exp

(
−FΨo

RT

)
(2.13)

where the activity of ions is denoted with {}.

Table 2.1: The surface complexation reactions considered in the reactive transport model.

Surface complexation reactions Log(K) Reference

≡ SiOH 
 ≡ SiO− + H+ -12.7 [41]
≡ SiOH + Na+ 
 ≡ SiONa + H+ -13.745 [41]
≡ SiOH + K+ 
 ≡ SiOK + H+ -13.745 [41]
≡ SiOH + Ca2+ 
 ≡ SiOCa+ + H+ -9.4 [41]

≡ SiOH + Ca2+ + SO2−
4 
 ≡ SiOCaSO−

4 + H+ -8.5 [42]
≡ SiOH + Cl− 
 ≡ SiOHCl− -0.35 [41]
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2.2.3 Thermodynamic equilibrium

The precipitation/dissolution of cement minerals is considered as the reaction between

ion species and cement matrix. The mineral saturation is calculated by

Ωm = K−1
m

Nc∏
j=1

C
νmj

j γ
νmj

j m = 1, ..., Np (2.14)

where Km is the equilibrium constant, Cj (mol · kg−1) is molal concentration of the

j-th primary species, νmj is the stoichiometric coefficient of the primary species, γj is

the activity coefficient of species j, Nc and Np are the number of primary species and

minerals respectively. The equilibrium of minerals in aqueous solution is determined

by the mineral saturation index

SIm = logΩm (2.15)

When SIm = 0, the mineral is at equilibrium. The minerals is unsaturated and can

dissolve, if SIm < 0. The minerals is supersaturated and can precipitate, if SIm > 0.

The interaction between primary species in solution is aqueous complexation. The

concentration of aqueous complexes is calculated by

Ci = K−1
i γ−1

i

Nc∏
j=1

C
νij
j γ

νij
j i = 1, ..., Nx (2.16)

where Ci (mol · kg−1) is the molal concentration of the aqueous complexes i, γi and

γj are the activity coefficients, Ki is the equilibrium constant, Nx is the number of

considered aqueous complexes. The activity coefficient is defined by HKF equation

[43].

The dissolution/precipitation of cement minerals and aqueous complexes reactions

are tabulated in table 2.2 and 2.3. The thermodynamic data are taken from the

database: data0.ymp.R5.dat, of EQ3/6 [44].
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Table 2.2: The dissolution/precipitation of cement minerals

Minerals reactions Log(K) Reference

Ca(OH)2 + 2H+ 
 Ca2+ + 2H2O 22.5444 [44]
Ca1.7SiO6.317H5.234 +3.4H+ 
 1.7 Ca2+ + 4.317H2O + SiO2 28.0022 [44]
CaCO3 + H+ 
 Ca2+ + HCO−

3 + H2O 1.8490 [44]

Ca6Al2(SO4)3(OH)12:26H2O + 12H+ 
 2Al3+ + 6Ca2+ + 3SO2−
4 + 38H2O 56.8823 [44]

3CaOAl2O3(CaCO3):11H2O + 13H+ 
 2Al3+ + 4Ca2+ + HCO−
3 +17H2O 80.5669 [44]

2.2.4 Kinetics

The chemical reaction is under kinetic constraints. The reaction rate of Lasaga et

al. [45] is adopted

rn = f(c1, c2, ..., cNc) = ±knAn | 1− Ωθ
n |η n = 1, ..., Nq (2.17)

where kn is the rate constant (mol ·m−2 · s−1), An is the specific reactive surface area

(m2 · g−1), Ωn is the mineral saturation, Nq is the number of minerals . θ and η are

determined by experiments, and usually are set to equal to one.

The fluid transport equations are linked to the chemical reactions via updates to

the porosity (and dependent variables such as permeability) that occur as a result of

dissolution and precipitation of chemical species. The rates of mineral precipitation

and dissolution exponentially depend on hydrogen ion concentration.

kadj = k(10−pHc/10−pH1)slope1 if pHc < pH1 (2.18)

kadj = k(10−pHc/10−pH2)slope2 if pHc > pH2 (2.19)

where k is the original rate constant, kadj is the rate constant adjusted for pH, pHc is

the current (calculated) pH. In the acid region an exponent of slope1 = 1 is specified

for pHc lower than pH1 = 4 in equation (2.18). When pHc is higher than pH2 = 8,

the exponent is slope2 = 0.5 in equation (2.19). Between pH1 and pH2, the rates are

assumed to remain independent of pH [22].

The temperature dependency of the reaction rate constants is expressed via the

Arrhenius equation.

k = k25exp

[
−Ea
R

(
1

T
− 1

298.15

)]
(2.20)

where Ea is the activation energy, k25 is the rate constant at 25◦C, R is the gas

constant, T is absolute temperature. A fuller description of the general methodology
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Table 2.3: Chemical reactions in pore solution

Aqueous reactions Log(K) Reference

H2O 
 H+ + OH− -13.9951 [44]
CO2(aq) + H2O 
 H+ + HCO−

3 -6.3447 [44]

CO2−
3 + H+ 
 HCO−

3 10.3288 [44]

AlSO+
4 
 Al3+ + SO2−

4 -3.0100 [44]
CaCl+ 
 Ca2+ + Cl− 0.6960 [44]
CaCl2(aq) 
 Ca2+ + 2Cl− 0.6440 [44]

CaCO3(aq) + H+ 
 Ca2+ + HCO−
3 7.0020 [44]

CaHCO+
3 
 Ca2+ + HCO−

3 -1.0467 [44]

CaSO4(aq) 
 Ca2+ + SO2−
4 -2.1111 [44]

CaOH+ + H+ 
 Ca2+ + H2O 12.8330 [44]
CaHSiO+

3 + H+ 
 Ca2+ + H2O + SiO2(aq) 8.5752 [44]

HSiO−
3 + H+ 
 H2O + SiO2(aq) 9.953 [44]

HSO−
4 
 H+ + SiO2(aq) -1.9791 [44]

HCl(aq) 
 H+ + Cl− 0.6700 [44]

KCl(aq) 
 K+ + Cl− 1.4950 [44]

KHSO4(aq) 
 H+ + K+ + SO2−
4 -0.8140 [44]

KSO−
4 
 K+ + SO2−

4 -0.8800 [44]
NaOH(aq) + H+ 
 Na+ + H2O 14.7950 [44]

NaCO−
3 + H+ 
 Na+ + HCO−

3 9.8140 [44]
NaHCO3(aq) 
 Na+ + HCO−

3 -0.1541 [44]

NaHSiO3 + H+ 
 Na+ + H2O + SiO2(aq) 8.3040 [44]

NaSO−
4 
 Na+ + SO2−

4 -0.7000 [44]

to solve the chemical interactions of multicomponent systems has been published by

Bethke [46].

The kinetic data for the cement minerals are listed in table 2.4.

Table 2.4: Dissolution/precipitation reaction kinetic data for cement minerals

Minerals Chemical formula A(cm2/g) k25(mol/m2s) Ea(kJ/mol) Reference

Calcite CaCO3 10 1.600× 10−09 41.87 [47]
C-S-H:1.7 Ca1.7SiO6.317H5.234 152 2.818× 10−12 39.6 [7] [48]
Portlandite Ca(OH)2 10 6.450× 10−06 39.6 [7] [49]
Ettringite Ca6Al2(SO4)3(OH)12:26H2O 10 3.162× 10−12 39.6 [7] [48]
Monocarbonate 3CaOAl2O3(CaCO3):11H2O 10 3.162× 10−14 39.6 [7] [50]

2.3 Modelling calibration and validation

The model calibration and validation procedure is described in this section. The

accelerated tests used for calibration are first described along with the experimental
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measurement of the degradation front and corrosion depth. The determination of

the degradation front from a numerical simulation is next described for subsequent

use in model parameter sensitivity analysis and calibration. The calibrated model

parameters are employed in validation simulations with acidic solutions of different

pH values.

2.3.1 Introduction of experiments

In order to measure the rate of acid corrosion, Matteo and Scherer [7] conducted accel-

erated leaching experiments for cement degradation. In their experiments, polypropy-

lene centrifuge tubes were adopted as both cement mould and reaction vessel. In flow-

through experiments, 1M hydrochloric acid was imposed on the top of the specimen

over a range of flow rates from 7.5 to 300 mL/h at ambient temperature to examine

the effect on the rate of corrosion due to accumulation of leachate in the reactor and

at the cement/acid interface. They demonstrated that a flow rate of ≥ 75 mL/h could

be considered as a constant boundary condition, which is the worst-case scenario for

the corrosion rate of cement.

The corrosion depth was identified by the colour–changed depth. The cement close

to the cement/acid interface changed appearance to a brown colour, and a white layer

was formed between this and the unaltered cement. As the cement comes into contact

with the aggressive solution, portlandite is the first phase to dissolve [51], followed in

sequence by ettringite, C-S-H and monocarbonate. Duguid [17] demonstrated that

the cement changed colour, to a brownish hue, after the dissolution of portlandite

on reacting with acidic solution. Thus, the corrosion depth of the experiment could

be determined as the distance between the cement/acid interface and the dissolution

front of portlandite [52, 53].

2.3.2 Determination of simulated degradation front

To numerically replicate the experiments, a 1D model was adopted, the geometry of

which was a cuboid with 0.5 × 0.5 mm of section and 5 mm of length. The domain

was divided into 50 elements along the length as shown in figure 2.1. The boundary

was represented by a large reservoir (by means of a zone of 1050 m3) where the brine

solution with concentration measured in the experiments was imposed. The cement

composition of Geloni et al. [12] was adopted here with an initial porosity of 0.3 [8].
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Figure 2.1: Schematic diagram of the model in simulations.

A 50 hour simulated duration was conducted to demonstrate the determination of

the degradation front from the numerical model. In figure 2.2 the profile of porosity

and minerals (portlandite and C-S-H) is shown. The change of volume fraction is

the ratio of the variation of a solid phase volume to the total element volume, with

the sign indicating precipitation or dissolution. The algebraic sum of volume fraction

change for each mineral is the change of porosity and therefore when the summation

is negative, dissolution dominates the reaction process and the porosity increases.

0 1 2 3 4 5
−0.11

−0.1

−0.08

−0.06

−0.04

−0.02

0

C
h

a
n

g
e

 o
f 

v
o

lu
m

e
 f

ra
c
ti
o

n
 

Depth (mm)

 

 

0 1 2 3 4 5
0.29

0.3

0.32

0.34

0.36

0.38

0.4

P
o

ro
s
it
y

Portlandite

C−S−H

Porosity

Portlandite
Depletion Front

Corrosion Front

Figure 2.2: Identification of the corrosion front from mineral volume fractions and porosity
profiles.

In figure 2.2 the change of volume fraction and porosity is shown at the end of the

simulation time. Examining the change of volume fraction of portlandite, dissolution

of the mineral to a depth of approximately 2.2 mm can be observed followed by a

zone of ongoing portlandite depletion. From approximately 2.9 mm depth, onwards,

the cement was unaltered, as indicated by both no change in the volume fractions
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of the minerals or the porosity. The distance from the cement/acid interface to the

corrosion front was taken to be the corrosion depth.

It is noteworthy that the process of C-S-H dissolution did not begin until complete

depletion of portlandite, indicated in figure 2.2 as the portlandite depletion front, and

was accompanied with a further change in the porosity.

2.3.3 Parameter sensitivity and model calibration

The calibration of model parameters was determined using a parameter sensitivity

study. In the reactive transport model, the chemical species enter into cement matrix,

and subsequently react with cement minerals. The thermodynamic and kinetic data

are long tested, and the investigation of this kind data goes beyond the scope of the

study. The process of kinetically-controlled chemical reactions would be influenced

by the transport mechanisms. The validation and calibration are focussed upon the

related parameters of transport mechanism. According to equation (2.1) and (2.2),

the diffusion coefficient in free water, the intrinsic property of ion, determines the

diffusion flux in the interstitial solution of cementitious materials. The porosity influ-

ences the effective diffusion coefficient as described by equation (2.2) and (2.3). The

initial porosity determines the ion diffusion before degradation, which influences the

initial state of the ion transport in the simulation. As described in section 2.2.3 and

2.2.4, the equilibrium constant and kinetic data represent the chemical performance

of each cement mineral. In the process of degradation, the proportion of minerals can

be reflected in the porosity change due to differences in resistance to chemical attack,

and subsequently impact the ion transport during simulation. Therefore, the cement

composition, porosity and the diffusion coefficient all have a major effect on the rate

of degradation.

The composition of unhydrated cement and the condition of hydration in Matteo

and Scherer’s experiment [7] are not available for this study. The present work is

not intended to involve the uncertain evolution of the process of hydration of specific

cement, but to determine a reasonable hydrated cement composition as the starting

point for the subsequent long term degradation. The typical composition of an API

Class G High Sulphate Resistant grade commercial oilwell cement in the study of

Geloni et al. [12] was adopted as CEM-O in table 2.5. Considering the presence of

carbonate ion, monosulfate is replaced by monocarbonate [51].

The influence of cement composition on the resistance to degradation has been in-

vestigated [54], demonstrating that a cement with a low C3S content has a better per-
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formance in acidic environments after hydration. Durning and Hicks [55] concluded

that the reduction or complete elimination of portlandite in cement is of importance

to increase the resistance of cement to chemical attack in acidic environments. Ac-

cording to hydration reactions [56, 57], the hydration of C3S could render higher ratio

of portlandite and C-S-H than that of C2S. Therefore, adjusting the content of C3S

and C2S, the hydrated cement paste contains different amount of portlandite. Based

on this statement, a reasonable range of portlandite and C-S-H volume fractions were

assumed for sensitivity analysis, and tabulated in table 2.5.

Table 2.5: Initial proportion of cement minerals as volume fractions of the solid phase

Materials Calcite C-S-H:1.7 Portlandite Ettringite Monocarbonate

CEM-O 0.0138 0.8183 0.1187 0.026 0.0231
CEM-I 0.0138 0.7683 0.1687 0.026 0.0231
CEM-II 0.0138 0.8683 0.0687 0.026 0.0231

The initial porosity will affect the effective diffusion coefficient of aqueous species

[16, 58], which influences the transport rate of aggressive species and subsequently

the process of degradation. Neuville et al. [8] analysed oilwell cement specimens after

curing, the porosity was found to be around 0.3. In the sensitivity analysis values

0.2, 0.3 and 0.4 were adopted.

Three values of the diffusion coefficient were chosen for a temperature of 25◦C

in this study. In previous studies [12, 16], the diffusion coefficient in free water was

set to an average value for all aqueous species. Geloni et al. [12] set the diffusion

coefficient to 8× 10−10 m2/s at 50◦C.

The key parameters explored are shown in table 2.6.

Table 2.6: Parameters for sensitivity testing

Cement composition Initial porosity Diffusion coefficient(m2/s)

CEM-I P1=0.2 D1=1× 10−10

CEM-O P2=0.3 D2=2× 10−10

CEM-II P3=0.4 D3=4× 10−10

The cement composition of CEM-O was employed as a reference in the first sim-

ulation test, with the initial porosity P2 and diffusion coefficient D2 in table 2.6.

Figure 2.3 shows the evolution of the corrosion depth with the square root of time.

The dependence and sensitivity of the corrosion depth on the initial porosity, cement
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Figure 2.3: The effect on corrosion rate on initial porosity, cement composition and diffusion
coefficient.

composition and diffusion coefficient are shown. Whilst the chemical composition of

the cement and the porosity had an effect on the corrosion rate, within the parameter

ranges investigated, the diffusion coefficient was the most sensitive of the parameters.

The combination of cement composition CEM-O, initial porosity P2 and diffu-

sion coefficient D2 represented the best match to the experimental data and were

subsequently adopted for validation of the model to a change in pH of acid solution.

2.3.4 Modelling validation

In the experimental programme of Matteo and Scherer [7] in section 2.3.1, flow-

through tests under different pH values were also performed, and were employed here

to serve as a validation for the calibrated model. Based on the parameter calibration

in section 2.3.3, the initial set-up of the model was determined. The comparison

of corrosion rate is shown in figure 2.4. As the pH increased, the cement degrada-

tion slowed down dramatically and the corrosion rate measured experimentally was

captured in the simulations.

The modification of the cement is shown after a 50 hour simulation time. In figure

2.5, the porosity change demonstrated the degradation front moving downwards from

the top of the model with time. The degraded porosity increased from the initial

value 0.3 to around 0.384 within 4 hours, and then remained relatively stable at this

level. At the end of the simulation, the maximum porosity was approximately 0.394.
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Figure 2.5: Profiles of porosity for simulation of well cement exposed to pH=0 hydrochloric
solution.

2.3.5 General discussion

The hydrochloric acid attack of cement was simulated using a reactive transport

model, and the evolution of composition and porosity of cement were addressed.

The dissolution of cement minerals, such as portlandite and C-S-H can be found in

experiments [52, 53, 59]. This model is capable of simulating the variation of solid

phases as shown in figure 2.2. The assessment of the corrosion rate of materials is

performed, and compared with the experimental results in the sensitivity analysis.

The best match of corrosion rate in figure 2.3 demonstrates that the model can

properly capture the effective diffusion coefficient for ion transport in the course of

degradation by equation 2.1 - 2.3. The variation of the pH value of pore solution,

which is most commonly caused by the exposure to acidic solution, has been shown
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to affect the degradation process [7, 60]. When the model was applied to different

concentrations of hydrochloric acid, the change in the corrosion rate is successfully

captured by the model and matches with the experiment results by the model of pH

dependency in section 2.2.4.

In long term degradation, with more complicated dissolution/precipitation of ce-

ment minerals, the corresponding porosity change influences the ion diffusion the

same way as the accelerated case. The validated pH dependency of chemical reaction

rate can reasonably correlate experiments of the strong acidic solution with simula-

tions for the actual service condition. The calibration and validation of the model in

this section can build confidence to evaluate the durability of oil well cement.

2.4 Long term simulations

Long duration simulations were performed to forecast the condition of a cement sheath

over a realistic lifespan of a well. A 1000-year lifespan was simulated employing the

material properties determined from the calibration and validation work performed

in section 2.3. The model of cement sheath was exposed to different groundwater

compositions, to investigate the influence of carbonate and sulphate concentrations

on the degradation and transport mechanisms. Simulations with deionised water are

used as a baseline comparison.

The geometry of the model is a cuboid with 5 × 5 mm of section and 100 mm of

length. The domain was divided into 100 elements along the length as shown in figure

2.6. The initial length of time steps is 1 × 10−3 second. The time step size will be

doubled if the converged state of the last step was reached within 4 Newton-Raphson

iterations.

10 100 m0 1 m× =

5
m

m

Fluid Source

Cement

Figure 2.6: Schematic diagram of the model in long term simulations.
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Figure 2.7: Profiles of a) porosity; and change in mineral volume fractions for b) portlandite
and c) C-S-H, exposed to deionised water, with depth.

2.4.1 Simulation of leaching by deionised water

The cement sheath degradation with exposure to neutral deionised solution is sim-

ulated here. Figure 2.7a shows the porosity profiles of the cement at different ages.

The porosity profile at 100 years displays a near horizontal section owing to the the

exhaustion of portlandite (shown in figure 2.7b) which has leached from the cement

pore space into the surrounding environment. A dissolution front at a depth of 0.04

m depth can be identified in figure 2.7a, between the depleted zone (0-0.04 m) and

an intact zone from a depth of approximately 0.07 m onwards.

In the later service life, the porosity continues to increase, with a second ‘front’

observed in figure 2.7a as the C-S-H dissolves as shown in figure 2.7c. This ‘front’ has

started to develop at 100 years, but is more pronounced at later time periods with

the maximum porosity of 0.53 reached at 1000 years (figure 2.7a).

Exposure to deionised water causes concentration gradients of ion species, and

then induces ion diffusion from the interior of the cement to the exposed surface.

Loss of ions in the cement pore solution could promote the dissolution of solid phases

in hydrated cement systems, such as portlandite and C-S-H [61].

The dissolution of portlandite and C-S-H started at the exposed surface, and

extended to the interior, as shown in figures 2.7b and 2.7c. Consequently, the concen-

tration of calcium ions in the pore solution increased to reach an equilibrium in the

reactions of dissolution. A gradient of calcium concentration was formed between the

pore solution and deionised water at the model boundary in figure 2.8, which drove

the diffusion of calcium ions from the the cement.

The variation of pH and minerals with time is shown in figure 2.9. In figure 2.9a the
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Figure 2.8: The concentration of Ca2+ for leaching of deionised water

pore solution pH is displayed along side the change in volume fractions of portlandite

and C-S-H at 100 years. A clear zone of portlandite depletion can be observed up to a

depth of almost 0.04 m, beyond this zone the pH remains constant. In the depletion

zone the pH dropped markedly and the rate of pH reduction became even further

pronounced as the C-S-H began to react in the first 0.015 m. This pattern is also

evident in figure 2.9b at 400 years, with the initiation of C-S-H reactions occurring

at a pH of approximately 11.9.

When alkali hydroxides are released, the pH of the pore solution is buffered by

the first dissolved mineral of cementitous material [62], the portlandite (Ca(OH)2),

which stabilizes the pH value at approximately 12.5. The dissolution of the C-S-H

takes place between pH 12.5 and 10.

Figures 2.9c and 2.9d display the change in volume fraction and corresponding

pH after the portlandite has been exhausted. The pH of pore solution in the model

displayed a significant decrease across the entire depth of the cement between 466

and 475 years of the simulation, as shown in figure 2.10. The change of portlandite

volume fraction is displayed at 0.1 m depth, which demonstrates that the portlandite

was exhausted at approximately 471 years. Prior to this time, the majority of hy-

drogen ions were consumed in the reactions with portlandite, and therefore the pH

did not drop significantly. Hydrogen ions accumulated rapidly after the exhaustion

of portlandite due to the slow reaction rate of other minerals.
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Figure 2.9: Profiles of pH and minerals change in volume fractions at a) 100 b) 400 c) 550
and d) 1000 years exposed to deionised water.
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2.4.2 Simulation of leaching by groundwaters

The composition of the groundwater that a cement sheath is exposed to affect the

mineralogical changes and dissolution reactions of cement degradation [62]. A series

of simulations with different groundwater compositions were performed to evaluate

the sensitivity of the chemical degradation rate of cement. Four groundwater compo-

sitions [63] were chosen for the simulations as detailed in table 2.7.

Table 2.7: The composition of groundwaters

Species Saline High-carbonate Low-carbonate Clay
(mol/kg) (mol/kg) (mol/kg) (mol/kg)

Na 3.7× 10−1 8.4× 10−3 8.2× 10−2 3.2× 10−2

K 4.4× 10−3 3.8× 10−5 2.5× 10−4 7.1× 10−3

Mg 5.7× 10−3 3.3× 10−5 6.8× 10−4 1.4× 10−2

Ca 2.9× 10−2 8.8× 10−5 4.8× 10−2 1.5× 10−2

Sr 2.0× 10−3 2.0× 10−5 9.9× 10−4 1.1× 10−3

Al 1.7× 10−6 4.6× 10−7 5.4× 10−8 6.9× 10−9

C 1.0× 10−3 2.8× 10−3 1.6× 10−4 3.0× 10−3

Si 2.5× 10−4 1.1× 10−4 7.6× 10−5 9.4× 10−5

Cl 4.2× 10−1 5.3× 10−3 1.7× 10−1 3.0× 10−2

S 1.2× 10−2 2.8× 10−4 6.4× 10−3 3.4× 10−2

pH 7.22 8.75 7.73 7.00

The corrosion rates of groundwater compositions and deionised water are exhibited

in figure 2.11. In the first decade, the rates were approximately the same, owing to the

near neutrality of waters, and gradually differed from each other over the following

century displaying a nearly linear relationship between corrosion depth and square

root of time under the influence of pH. With lower pH, the corrosion rate of the saline

groundwater was slightly higher than that of the low-carbonate groundwater. It is

worthy of note that the corrosion rates of the high-carbonate and clay groundwater

compositions both began to decrease at approximately 250 years and eventually the

corrosion came to a halt.

Figure 2.12 shows the porosity and changes in calcite volume fraction for high-

carbonate and saline ground water compositions. With similar compositions, the

high-carbonate and clay groundwater compositions resulted in a complete filling of

the pore space, whereas some porosity was retained (although dramatically reduced)

for the low-carbonate and saline waters. This reduced porosity was induced by the

precipitation of calcite, which is the main reaction product of carbonation [64]. With

the presence of carbonate ions, calcite precipitated as the dissolution of portlandite
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Figure 2.11: The corrosion rates of different waters in 1000 years

and C-S-H by the reaction between calcium and carbonate ions. The carbonation

process caused a porosity decrease (clogging of the pore space) since the molar volume

of calcite is larger [62]. The resulting effect of this reduced porosity was the formation

of a layer near the cement/solution interface that served to protect the cement via a

decrease in the rate of ion diffusion and subsequently reactions with the minerals. For

high-carbonate content and clay water, the precipitation of calcite was elevated and

the pore space near the surface became completely clogged. The cement furthest from

the interface with groundwater remained intact (no porosity change) at the end of

1000–year simulation. With lower carbonate concentrations, the low-carbonate and

saline waters did not have the effect of completely filling the pore space, however the

porosity still decreased due to calcite precipitation.
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Figure 2.13: Profiles of cement minerals variation exposed to a) high carbon groundwater
b) low carbon groundwater c) clay groundwater and d) saline groundwater at 1000 years.

The variation of cement minerals is shown in figures 2.13. In the high-carbonate

and clay cases, only the C-S-H close to the surface dissolved, and portlandite re-

mained intact away from the interface (figures 2.13a and 2.13c). The corrosion depth

of C-S-H was markedly deeper in the low-carbonate and saline cases, with port-

landite totally exhausted (figures 2.13b and 2.13d). The calcite layer formed at the

cement/groundwater interface prevented sulphate ions from diffusing into the inte-

rior, and thus the precipitation of ettringite was not significant in all cases. However,

the low-carbonate and saline groundwater both displayed more ettringite formation

than the higher-carbonate cases.

As shown in the response to deionised waters in section 2.4.1, portlandite had an

impact on the pH of the pore solution. The pH of the pore solution in the simula-

tions with clay and high-carbonate groundwater was approximately 12.5, significantly

higher than that of the lower-carbonate and saline cases, as shown in figure 2.14.
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2.4.3 Validation of the model

Regarding the validation of the simulation over real service life, laboratory and field

experiments are not realistic. However, the qualitative verification with existing stud-

ies can contribute to a further insight of the mechanism of long–term degradation.

In the experiment, Duguid et al. [17] conducted the flow–through test with car-

bonated brine, and observed a layer of calcite in acidic solution. It is concluded that

the degradation rate of cement depends on the stability of the precipitated miner-

als. Thermodynamic equilibrium in section 2.2.3 accounts for the precipitation of

cement minerals observed in this study, demonstrating that the stability of precipi-

tated minerals ,for example calcite and ettringite, is determined by the value of the

saturation index (SIm). Gaĺındez and Molinero [18] studied the optimum design of

injection grout, and the sensitivity analysis revealed that low carbonate groundwater

can significantly accelerate the degradation rate, due to the absence of calcite layer.

The result of the present study shows a good agreement with the above mentioned

conclusions. The formation of a calcite layer has the prominent effect on the relation

between the degradation depth and the square root of time as shown in figure 2.11.

The precipitation of ettringite could exert pressure on the pore wall. It has been

clarified that ettringite is stable at ambient temperature and pH > 10.7 [65]. Ac-

cording to figure 2.14, pH of the interstitial solution for all cases are generally higher

than 10.7, and the precipitation of ettringite is observed in figure 2.13. In the outer

elements of the model in figure 2.13a and 2.13c, the absence of ettringite is captured,

which is corresponding to the low pH value (8.9 and 7 separately) in the outer ele-

ments in figure 2.14. In the case of saline groundwater, pH is higher than 10.7 over
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the whole model, the profile of ettringite in the outer elements shows a slight increase

comparing with the inner elements, which represents the front of ettringite precipi-

tation. For the low carbon case, the relatively low pH value of the outer elements

(approximately 9.7) counteracts the effect of precipitating front in saline case, but

not as much as that in high carbon and clay cases, demonstrating a generally a flat

profile of ettringite.

2.5 Conclusions

The cement sheath surrounding a wellbore provides an important barrier to the trans-

port of fluids between different fluid bearing strata in the presence of a pressure gra-

dient. This barrier is required to perform both during the service life and beyond

decommissioning.

A reactive transport model is adopted to simulate the process of chemical degrada-

tion of well cements in response to exposure to groundwater. Accelerated test results

from the literature are employed to calibrate the model parameters of the composi-

tion, initial porosity and diffusion coefficient that determine the intrinsic character-

istics of a cementitious material. The calibrated model is employed in long duration

simulations, in order to forecast the performance of the cement sheath in the long

term, which naturally cannot be performed in a laboratory or be acquired from field

samples.

Portlandite is the first phase dissolving and depleting as the chemical reactions

commence and is used to determine the corrosion depth. The dissolution of C-S-H

starts subsequent to the exhaustion of portlandite, with a slower rate compared with

that of portlandite. The degree of C-S-H dissolution decides the final porosity of the

altered zone, and in turn the durability [57].

The quantitative relations between degradation depth and the square root of time

for a variety of aqueous solutions are revealed. The deionised water poses more threat

to cement than the other four types of groundwater presenting in a higher proportion

of corrosion depth versus square root of time. The degradation process could be gener-

alized as the depletion of portlandite and dissolution of C-S-H with the corresponding

pH of the pore solution. A complex precipitation/dissolution phenomenon is observed

in the simulations exposed to groundwater. The formation of calcite could serve as

a protective layer near the exposed surface, reducing the porosity (or even clogging)

and preventing the intrusion of aggressive species. The calcite layer and precipitation
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of ettringite are validated by previous studies, which shows a good agreement with

the conclusions.

The approach represented in this study offers a forecast of the chemical degrada-

tion associated with a range of potential groundwater compositions over real service

life duration.
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[6] G. Le Saoût, E. Lécolier, A. Rivereau, and H. Zanni. Chemical structure of

cement aged at normal and elevated temperatures and pressures, Part II: Low

permeability class G oilwell cement. Cement and Concrete Research, 36(3):428

– 433, 2006.

[7] Edward N. Matteo and George W. Scherer. Experimental study of the diffusion-

controlled acid degradation of Class H Portland cement. International Journal

of Greenhouse Gas Control, 7:181 – 191, 2012.
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Chapter 3

Coupled chemo-mechanical
degradation

In this chapter, the study of coupled chemo-mechanical degradation is presented as

a manuscript which is

Zhongcun Zuo and Terry Bennett : Modelling and numerical simulations of the cou-

pled chemo-mechanical degradation behaviour of cement-based materials, submitted

to Computers & Structures.

A conference paper is published as the preliminary work of this chapter, which is

Zhongcun Zuo and Terry Bennett : Numerical simulation of the interaction between

chemical and mechanical damage for cementitious materials, ACMSM25, 2020, 395-

406.

The conference paper is available at

https://doi.org/10.1007/978-981-13-7603-0 39
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Modelling and numerical simulations

of the coupled chemo-mechanical degradation

behaviour of cement-based materials

Abstract

The coupling of chemical reactions and mechanical damage is fundamental to inves-

tigate the durability of load bearing cement-based materials subject to aggressive

environments. The present work is devoted to the incorporation of a reactive trans-

port model and non-local damage model to integrate the complete process of chemical

degradation and appropriate propagation of mechanical damage in the framework of

coupled chemo-mechanical degradation. The chemical degradation of cement-based

materials subject to leaching solution is principally concluded as the dissolution of

portlandite and decalcification of C-S-H, and the reduction of Young’s modulus is

evaluated based on the microstructure of materials by Mori-Tanaka scheme. The

displacement based non-local damage model is incorporated to capture the post-peak

behaviour of the leached mortar beam in three-point bending test. The significance

of coupling chemical and mechanical damage for the degraded beam is demonstrated

by comparing the coupled damage with outcomes of the non-coupled case.

Keywords : Coupled Degradation; Cement Durability; Elasticity Reduction; Mi-

crostructure; Non-Local Damage; Reactive Transport Model.
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3.1 Introduction

The coupling behavior of multi fields for infrastructures has been highlighted in recent

studies to investigate degradation process [1–3]. The performance of cement-based

materials can be determined by both the chemical alteration of the material as a result

of interactions with the external environment [4] and the applied mechanical stresses.

The evaluation of the material properties for infrastructures, such as the cement

sheath of oil and gas wellbores, dams and nuclear waste storage, needs to be based

on criteria for both mechanical damage and chemical degradation. Therefore, the

coupled chemo-mechanical damage mechanism is required to assess the serviceability

and durability of cement-based materials in such circumstances.

The exposure of cement-based materials to the surrounding aqueous environment

enables the continued diffusion of external aggressive ion species into the pore space of

the cement matrix throughout the service life. The ion transport subsequently results

in the continuous transformation of the composition and microstructure of cement-

based materials by affecting the chemical equilibrium between the pore solution and

the cement minerals, which simultaneously leads to a reduction of the shielding ca-

pacity to ion transport and the elastic stiffness of cement matrix. The consequent

mechanical damage due to the stiffness loss can in turn aggravate the deterioration

of material integrity by promoting the process of ion species transport.

A phenomenological chemical model [5, 6] was proposed to simulate the process

of leaching, and described the chemical matrix dissolution with the calcium concen-

trations of the skeleton material and pore solution. When the equilibrium between

calcium ions in the pore solution and solid phases is achieved in this model, a reduced

calcium concentration in the pore solution causes dissolution of the cement matrix.

Whereas, if the calcium concentration increases, the solid phases remain unchanged,

resulting in the absence of precipitation of cement minerals. This phenomenological

model has been extensively incorporated to investigate the coupled chemo-mechanical

damage of cement-based materials, of which the calcium leaching was presented in

various methods for stiffness degradation and ion transport acceleration. The con-

sequences of chemical deterioration on porosity and elasticity of cement paste were

described as a function of calcium concentration with experimental data [7–10]. The

change of calcium concentration from the phenomenological chemical model was em-

ployed to evaluate the chemically induced porosity change [11, 12]. In other stud-

ies [13, 14], the chemical damage process was represented by a variable with regard

to the reaction extent. Subsequently, the porosity change or damage variable was
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adopted to evaluate the residual stiffness, implying that the leaching process of differ-

ent minerals can alter the mechanical stiffness of materials homogeneously. In terms

of cement-based materials, the chemical reactions of mineral constituents with pore

solution differ significantly [4], for instance portlandite dissolving firstly followed by

monosulfate, ettringite and calcium silicate hydrate (C-S-H). Therefore, the resid-

ual stiffness of the degraded cement should be evaluated according to the specific

amount of each cement mineral after dissolving/precipitating in the matrix. Further-

more, aquatic chemistry is the principal concern dominating the process of chemical

degradation, and can be categorized as acid–base reactions, mineral dissolution and

precipitation, surface complexation and ion exchange [15]. In this sense, a more com-

prehensive chemical module is beneficial to capture the degradation process of the

material in aqueous environment.

Reactive transport modelling is capable of offering a more realistic solution by

evaluating the aquatic chemistry on the basis of thermodynamic equilibrium and ki-

netic constraint, and has been increasingly adopted to evaluate the chemically induced

deterioration for cement-based materials [16–19]. In chemical simulations, the reac-

tions between cement minerals and pore solution are captured as the volume fraction

variation of each solid phase, and the corresponding porosity change is applied to

update the transport properties in subsequent time steps.

As chemical reactions proceed, the variation of volume fraction is determined by

the solubility of each cement mineral, and subsequently affects the residual elastic

modulus of the material. In order to evaluate the mechanical properties of a mate-

rial, the microstructure of the material needs to be taken into account. The three-level

division of microstructure for cement-based material was proposed by Heukamp [20]

based on characteristic length scale. The Mori-Tanaka scheme [21] was employed to

estimate the effective stiffness of C-S-H matrix and cement paste on level I and II

separately, and then upscaled the Young’s modulus of mortar/concrete on level III

by the Hervé-Zaoui scheme [22]. Stora et al. [23] adopted a reactive transport model

to simulate the leaching process within cement-based materials, and evaluated the

elastic and transport properties with residual volume fractions of solid phases on the

basis of the three-level microstructure. In contrast to the work of Heukamp, the level

I consists of two layers of cement paste distinguished by the density of C-S-H, and the

elastic properties were estimated by generalized self-consistent scheme (GSCS) [22],

and the interaction direct derivation (IDD) [24] was incorporated to evaluate the

properties of both cement paste layers on level II. The properties of mortar were
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subsequently evaluated by GSCS on the level III. Stora et al. [17] evaluated the resid-

ual mechanical properties of the degraded mortar beam with the proposed method,

which was subsequently employed to model three-point bending behaviour comparing

with experimental results [25]. The simulated post-peak behaviour suffered conver-

gence difficulties, for which the local damage model was considered as the principle

reason. The convergence issue of three-point bending modelling was negated in the

work of Le Bellégo et al. [26] by the use of non-local damage techniques coupled with

the phenomenological chemical model. To achieve the simulation of fully coupled

chemo-mechanical deterioration, the mechanical damage was converted to the vari-

ation of the effective diffusivity [12, 17], or the increment of porosity [11, 26] which

was adopted to describe the transport equations.

The integration of a reactive transport model, non-local damage and a novel cou-

pling technique is presented in this work, in order to incorporate the complex aquatic

chemistry, alleviate the mesh objectivity and accommodate the chemical and me-

chanical degradation phenomena. The geochemical model [27] has been developed to

investigate the reactive transport of non-isothermal multi-component fluid, and ap-

plied to physically and chemically heterogeneous porous media. Numerous non-local

damage approaches exist in the literatures, categorized as the integral type model [28]

and the gradient enhanced model [29], and the accumulated damage is obtained by

using a non-local treatment to avoid mesh dependence. In this work, the displacement

based non-local damage model [30–32] is adopted. The two moduli qualitatively pro-

vide the more realistic evaluations, and subsequently the fully coupled model is able

to offer an enhanced solution for the chemo-mechanical degradation of cement-based

materials.

In the present work, the reactive transport model evaluates the varying volume

fractions of solid phases, which compose the porosity change, in the process of chem-

ical degradation. The microstructure is considered as C-S-H matrix with inclusions,

and the elastic Young’s modulus is evaluated by Mori-Tanaka scheme [21] on the basis

of volume fractions. In a similar approach to previous studies [11, 26], the microc-

racks derived from tensile stress are calculated as a scalar multiplier for the stiffness

reduction, and converted to porosity increment for updating the transport properties

in addition to the chemically induced porosity change. The chemical and mechan-

ical damage parameters are subsequently incorporated in the constitutive model to

demonstrate specifically the evolution and interaction of the two damage parameters

for numerical implementation.
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The methodologies of the reactive transport modelling, the displacement based

non-local damage model and strain-stress based constitutive law in the coupling

scheme are presented in section 3.2. The residual stiffness of chemically degraded

cement-based materials is evaluated in section 3.3, and subsequently employed to

simulate the flexural behaviour of the degraded mortar beam, which are contrasted

with experimental outcomes. In section 3.4, the simulation of fully coupled chemo-

mechanical degradation is conducted to investigate the instantaneous interaction be-

tween chemically and mechanically induced degradation, and compared with the re-

sults of the non-coupled case.

3.2 Modelling methodology of coupled degrada-

tion

The exposure of cement-based materials to external aqueous solution is considered

as the commencement of the coupled chemo-mechanical degradation. For numerical

modelling, starting with the initial conditions, the residual cement constituents are

evaluated at the end of the first step of chemical degradation, and subsequently

employed to update the material properties. The weakened mechanical property

potentially leads to consequent damage, which is converted into the reduction of

elastic moduli and increment of transport properties as the initial conditions of the

following step. The coupling procedure is ongoing in the rest of the simulation until

the terminal point is achieved, which is depicted in figure 3.1.
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Figure 3.1: Schematic flow diagram of the coupling scheme for chemical and mechanical
damage proposed in present work.
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3.2.1 Chemical degradation modelling

Reactive transport modelling [27] is employed to evaluate the process of aggressive

ion species transport and chemical reactions within the solid matrix. The detailed

description of the model is available in the literature [33], therefore only the primary

governing equations are outlined below to demonstrate the fundamental mechanisms

involved.

3.2.1.1 Transport equations

The diffusion of aggressive ion species dominates the chemical degradation of cement-

based materials [34]. Considering the discussion about the electrochemical potential

effect on diffusion in available literatures [16, 23, 33], the Fickian diffusion equation

is adopted and described as equation (3.1).

∂φCi
∂t

= De
∂2Ci
∂x2

+ qi (3.1)

De = φτ0τD0 (3.2)

where for species i of interest, Ci, D0 and qi are the concentration, the diffusion

coefficient in bulk water and the source/sink term individually. The effective diffusion

coefficient De of species i is defined by the porosity of the material φ, tortuosity

τ0 · τ and D0. The Millington and Quirk model [35] describes the tortuosity in

equation (3.3) with the porosity dependant coefficient τ0 and saturation Sl dependant

parameter τ .

τ0τ = φ1/3S
7/3
l (3.3)

3.2.1.2 Thermodynamic equilibrium

The reactions between the diffused ion species and solid phases in the material matrix

are mainly considered as precipitation/dissolution of cement minerals, and governed

by the mineral saturation Ωm that is calculated as

Ωm = K−1
m

Nc∏
j=1

C
νmj

j γ
νmj

j m = 1, ..., Np (3.4)
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where Km represents the equilibrium constant of the mineral, Cj (mol · kg−1), νmj

and γj are the molal concentration, stoichiometric coefficient and activity coefficient

of the j-th primary species respectively. Nc represents the number of primary species

and Np represents that of minerals. The cement minerals start dissolving if Ωm < 1

and precipitating if Ωm > 1, and remain in equilibrium when Ωm = 1.

3.2.1.3 Kinetics

For chemical reactions under kinetic constraint, the reaction rate rm is determined

by Lasaga et al. [36]

rm = ±kmAm | 1− Ωθ
m |η m = 1, ..., Np (3.5)

where km (mol ·m−2 · s−1) and Am (m2 · g−1) are the rate constant and specific re-

active surface area respectively. θ and η are model parameters calibrated by experi-

ments, and frequently set to unity.

3.2.2 Mechanical damage modelling

The damage mechanics can represent the degrading process within materials, in-

cluding the propagation of microcracks and reduction of mechanical properties, and

quantitatively evaluate the damage phenomena with numerical modelling.

3.2.2.1 Damage evaluation modelling

The constitutive description of the progressive reduction of material stiffness in-

duced by the propagation of microcracks is an extensively investigated topic. For

the adopted isotropic damage model, a scalar damage parameter d is described by

the exponential damage function representing the reduction of Young’s modulus for

the material, which is given in equation (3.6) and (3.7). The Poisson’s ratio is as-

sumed to be constant in the process of mechanical damage [37], and the residual

stiffness tensor Cr is obtained by d and initial stiffness tensor C0 in equation (3.8).

d(κ) = 1− κ0

κ

[
1− α + α exp

[
β[κ0 − κ]

]]
(3.6)

E = (1− d(κ))E0 (3.7)
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where κ0 is the elastic threshold; κ is the current damage threshold; E0 and E are

initial and residual Young’s Modulus separately; α and β are model parameters related

to the material.

Cr = (1− d(κ))C0 (3.8)

Based on the work of Simo and Ju [38], the damage criterion is described as

Φ = ε̃(ε)− κ ≤ 0 (3.9)

where ε̃ is the equivalent strain function. The consistent loading/unloading conditions

are formally described as

κ̇ ≥ 0, Φκ̇ = 0, Φ̇κ̇ = 0 (3.10)

In terms of a Nd−dimension domain of cement-based materials, the equivalent

strain ε̃, which is determined by the principal strain εi [39], is suitable to describe the

mechanical performance in constitutive model and defined as equation (3.11).

ε̃ =

√√√√ Nd∑
i=1

(< εi >)2 (3.11)

3.2.2.2 Displacement based non-local damage model

The typical damage model in section 3.2.2.1 exhibits the mesh dependency, and ma-

terial non-locality is required to distribute state variables over the vicinity of the

point of interest. In the non-local damage model, the non-local counterpart of a

state variable is calculated by weighted averaging the “local” state variable in the

vicinity of each point. The integral type non-local damage model [28] is based on the

weighted average of strain-related state variables, and the strain averaging is relatively

straightforward to facilitate the numerical implementation. In the displacement based

non-local damage model [30, 31], the weighted state variable is displacement, and the

non-local displacement u is determined as the weighted average of local displacement

u(z) described in equation (3.12), and introduced to the constitutive model for the

evaluation of mechanical damage.

u =

∫
α(x, z)u(z)dz (3.12)
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α(x, z) =
[
c0(x) + zTc1(x)

]
α(x− z) (3.13)

where α(x, z) is the weighting function and consists of a polynomial of order 1 and

a bell shaped function described in equation (3.14). The point z is in the weighted

averaging scope of the point x, and z is the vector between the two points. The

Gaussian function α(x − z) consists of the characteristic length lc and the distance

between point x and z as defined in equation (3.14).

α(x− z) = exp

[
−
(2(x− z)

lc

)2]
(3.14)

A small system of linear equations is obtained by the combination of equations

(3.12) and (3.13) to determine two coefficients c0(x) and c1(x).

[ ∫
α(x− z)dz

∫
zTα(x− z)dz∫

zα(x− z)dz
∫

zzTα(x− z)dz

]{
c0(x)
c1(x)

}
=

{
1
x

}
(3.15)

The non-local strain is subsequently calculated as the symmetric gradient of the

non-local displacement by equation (3.16).

ε(x) = ∇su(x) (3.16)

3.2.3 Constitutive laws of the coupled damage

The quantitative evaluation of chemical and mechanical damage on material prop-

erties is demonstrated in this section, and the coupling scheme is proposed to in-

corporate the two mechanisms appropriately. The porosity and elastic moduli of

the cement-based material are updated individually after the evaluation of either the

chemical or mechanical degradation, which has retroaction on the following simulation

process.

The chemical reactions between cement material and the aggressive ion species are

evaluated by the chemical model in section 3.2.1.1. The mineral dissolution and pre-

cipitation lead to the volume variation of solid phases in matrix, eventually resulting
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in porosity change, calculated as

φc =
Ns∑
s=1

4fs (3.17)

where 4fs is the change of volume fraction of the solid phase and Ns is the number of

solid phases in the material. The chemically induced porosity change φc influences the

process of chemical degradation, which can be demonstrated by equations (3.1)-(3.5).

As discussed in section 3.1, the porosity change due to chemical degradation is insuf-

ficient to describe the variation of the elastic moduli properly, and the microstructure

of the material is required to be incorporated to define the mechanical properties for

the different solubility of each solid phase. The Mori-Tanaka scheme [21] homogenizes

the multiphase materials as the reference medium and inclusions, and evaluates the

Young’s modulus Ehom and Poisson’s ratio νhom of the cement-based materials by

equation (3.18) in this work.

Ehom =
9ψhomµhom

3ψhom + µhom
; νhom =

3ψhom − 2µhom
6ψhom + 2µhom

(3.18)

The homogenized bulk modulus ψhom and shear modulus µhom of the material are

calculated by equation (3.19) and (3.20).

ψhom =
∑

fiψi

(
1 + Am

( ψi
ψm
− 1
))−1

×
[∑

fi

(
1 + Am

( ψi
ψm
− 1
))−1

]−1

(3.19)

µhom =
∑

fiµi

(
1 +Bm

( µi
µm
− 1
))−1

×
[∑

fi

(
1 +Bm

( µi
µm
− 1
))−1

]−1

(3.20)

Am =
3ψm

3ψm + 4µm
; Bm =

6(ψm + 2µm)

5(3ψm + 4µm)
(3.21)

where ψm and µm are the bulk and shear moduli of the reference medium, ψi and µi

are those of inclusions, and fi is the volume fraction of inclusions.
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With the residual volume fractions after chemical degradation and intrinsic elastic

properties of solid phases, the Young’s modulus Ec and Poisson’s ratio νc of the chem-

ically degraded material are obtained by equation (3.22), and subsequently adopted

to evaluate residual stiffness tensor Cc after chemical degradation in equation (3.23)

Ec = Ehom; νc = νhom (3.22)

Cc = C0(Ec, νc) (3.23)

For cement-based materials subject to leaching, the reduction of the elastic mod-

ulus has been investigated by diverse approaches [40–42], and the significant increase

of elastic strain threshold for the leached material has been measured as the corre-

sponding consequence of stiffness loss [41]. The evolution of the damage threshold is

difficult to confirm in laboratory tests, therefore the equivalency between the varia-

tion of elastic threshold due to mechanical damage and that due to chemical reactions

is assumed in the present work. With this assumption, the curve of strain-stress rela-

tion is evaluated by equation (3.8), and accommodates the chemical and mechanical

degradation as shown in figure 3.2.

With the residual Young’s modulus Ec in equation (3.22) after chemical degra-

dation, the current elastic threshold is increasing from the original value ε̃o to ε̃c,

depicted in figure 3.2. The strain redistribution is evaluated with stiffness tensor Cc

after chemical degradation, and the potential mechanical damage is evaluated if the

updated equivalent strain ε̃ exceeds the current elastic threshold ε̃c. As described

in equation (3.9), the value of equivalent strain becomes damage threshold when

mechanical damage occurs, denoted as ε̃m in figure 3.2.

Specifically, for the strain ε̃m, the damage parameter d(ε̃m) is determined by equa-

tion (3.6) representing the fraction of Young’s modulus reduction, and consists of both

chemical and mechanical damage parameters, described in equation (3.24). The vari-

able dc represents the chemically induced damage on Young’s modulus, and defined by

the residual Young’s modulus Ec after chemical degradation and the original Young’s

modulus Eo in equation (3.25). The mechanical damage of leached materials dm

is subsequently calculated by equation (3.26). Therefore, by coupling the chemical

and mechanical damage, Young’s modulus of the material reduces from Eo to Em,

described in equation (3.27).

d(ε̃m) = 1− ε̃0
ε̃m

[
1− α + α exp

[
β[ε̃0 − ε̃m]

]]
= dc + dm (3.24)

The coupled chemo-mechanical degradation of cement-based materials



62 CHAPTER 3. COUPLED CHEMO-MECHANICAL DEGRADATION
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Figure 3.2: Schematic diagram of the evolution of Young’s modulus and elastic threshold
with chemical and mechanical damage.

dc = 1− Ec/Eo (3.25)

dm = d(ε̃m)− dc (3.26)

Em = (1− d(ε̃m))Eo = (1− dc − dm)Eo (3.27)

As described in section 3.2.2.1, Poisson’s ratio remains constant in mechanical

damage, and Young’s modulus Em is substituted into chemically degraded stiffness

tensorCc to update the stiffness tensorCm of coupled degradation in equation (3.28).

Cm = Cc(Em) (3.28)

The microcracks due to mechanical damage within the cement skeleton can be

interpreted as the equivalent pore space [43]. In the present work, the feedback of

mechanical damage on the process of chemical degradation is achieved by relating

the change of transport properties with the mechanically induced porosity φm for the

consistence with the adopted reactive transport model. According to the residual

stiffness obtained in the equation (3.27), the mechanical porosity φm is inversely

calculated by the aforementioned Mori-Tanaka scheme. The porosity-based approach

for the feedback on transport properties is consistent with the homogenized diffusion

model described in equation (3.1), which is able to reflect the influence of damage

on both sides of this governing equation in the reactive transport model. The overall

porosity φ of the degraded material is updated by equation (3.29), and adopted

together with the residual stiffness tensor Cm to represent the occurred chemical and

mechanical degradation and also the initial conditions for the subsequent simulation.

φ = φo + φc + φm (3.29)
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In the present study, the quadrilateral four-node plane element is employed to

achieve the coupled chemo-mechanical degradation on a mortar beam. The mechan-

ical damage model in section 3.2.2 is applied on Gauss points of the element to

evaluate the propagation of microcracks, which is subsequently converted into the

homogenized change of transport properties as above described at the element level.

The chemical degradation is performed with the same element size, and the impact of

mechanical damage is correspondingly incorporated in the process of reactive trans-

port. The numerical implementation of the coupled chemo-mechanical degradation

is coded with MATLAB, and the coupling process in figure 3.1 is repeated until the

proposed simulation loops are performed and achieve convergence.

3.3 The influence of leaching on the mechanical

performance

The assessment of the influence of leaching is the crucial component in the fully

coupled chemo-mechanical damage, due to the complexity of chemical deterioration

process and the significance for precisely evaluating the residual mechanical proper-

ties. For cement-based materials, experimental studies have been performed to test

the residual performance in tension/flexure [25, 44, 45] and compression [20, 46]. In

this section, the leaching process on intact cement-based materials is simulated by

the reactive transport modelling presented in section 3.2.1, and the residual elastic

moduli of degraded material is subsequently evaluated by Mori-Tanaka scheme as

demonstrated in section 3.2.3. Since the effect of chemical degradation on the me-

chanical properties is validated with existing experimental data on the material level,

the partially leached mortar beam is submitted to three-point bending test to evalu-

ate the flexural behaviour on the structural level with the mechanical damage model

in section 3.2.2.

3.3.1 Chemical System

In the present work, the typical hydration products of Portland cement are employed

for cement paste, including portlandite, C-S-H, ettingite, monosulphate, and the

unhydrated clinker which is related with the degree of hydration. In terms of mortar,

the sand aggregate is contained as an additional composition in the cement paste. It

is assumed that the unhydrated clinker and sand are chemically nonreactive in the

course of degradation.
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The leaching process within the cement-based materials is dominated by the dis-

solution of portlandite and C-S-H [33, 47]. In Portland cement, portlandite is the

first phase dissolved and depleted, due to the thermodynamic and kinetic proper-

ties [4, 33]. C-S-H is essentially amorphous and described as gels with an average

Ca/Si ratio, while the incongruent solubility behaviour of C-S-H is related with the

Ca/Si ratio [48]. As the leaching front moves into the interior of material matrix, the

C-S-H with high Ca/Si ratio starts dissolving incongruently and forming C-S-H with

low Ca/Si ratio, which is the decalcification of C-S-H. When the Ca/Si ratio decreases

to approximately 0.8, C-S-H gel dissolves congruently [49]. In the present work, the

intact and leached C-S-H is represented by gels with the Ca/Si ratio of 1.7 and 0.8

separately. The chemical system of the considered cement minerals is tabulated in

table 3.1.

Table 3.1: The chemical formulae and thermodynamic data of the incorporated cement
minerals in the chemical system

Cement mineral Chemical formula Log(Km) Reference

Portlandite Ca(OH)2 22.5444 [50]
C-S-H (Intact) Ca1.7SiO6.317H5.234 28.0022 [50]
C-S-H (Leached) Ca0.8SiO4.34H3.08 11.0503 [50]
Ettringite Ca6Al2(SO4)3(OH)12:26H2O 56.8823 [50]
Monosulphate Ca4Al2(SO4)(OH)12·6H2O 72.4704 [50]

3.3.2 Leaching induced reduction of elasticity

This section is dedicated to the elastic properties of cement-based material before and

after leaching with the proposed methodology in section 3.2, which demonstrates the

simulation of chemical reactions and evaluation of residual stiffness. Constantinides

[40] and Heukamp et al. [41] performed diverse tests on both intact and leached

cement-based materials, and investigated the impact of leaching on Young’s modulus.

The setup of the simulation is determined as cement-based material prepared with

Portland cement subject to 6M ammonium nitrate (NH4NO3) solution according to

the experiment. The compositions of cement paste in the work of Stora et al. [51]

are employed, and extrapolated to obtain the volume fractions of compositions for

mortar, as tabulated in table 3.2.

The model of a cuboid with a length of 20 mm and 5 × 5 mm cross section is

employed for the simulation of leaching process as shown in figure 3.3. The mineral

compositions of paste and mortar leached by 6M NH4NO3 solution for 15 days are
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Table 3.2: The volume fractions (%) of compositions for cement paste and mortar adopted
in simulations of section 3.3.2

Material
Portlandite

C-S-H
Ettringite Monosulphate

Unhydrated
Sand Porosity

Type (Intact) clinker
Paste 10.8 49.7 2.3 0.4 18.4 N/A 18.4

Mortar 4.63 21.32 0.99 0.17 7.89 50 15

demonstrated in figure 3.4. Portlandite starts dissolving promptly once the chemical

equilibrium between material matrix and pore solution is disturbed by NH4NO3 so-

lution, almost depletes in elements near the interface. The leaching front is observed

as the dissolution of portlandite for both cases, and subsequently the altered zone is

determined as the portion between the leaching front and the interface, which shows

accordance with the existing work [33, 52, 53]. It is captured that the decalcifica-

tion of C-S-H initiates as the dissolution of portlandite slowing down. The intact

C-S-H incongruently dissolves while releasing calcium ions into pore solution, and the

leached C-S-H with low Ca/Si ratio is simultaneously formed.

Cement-based Material6M NH NO4 3

Leaching Reactive Transport

Figure 3.3: Schematic diagram of the one-dimensional model for cement-based material
subject to 6M NH4NO3 leaching.

The significant variation of cement minerals in the altered zone has an enormous

impact on the mechanical properties of the material. Constantinides and Ulm [54]

demonstrated that the reduction of macroscopic elasticity for the leached cement

paste arises from a coupled mechanism of the dissolution of portlandite and the de-

calcification of C-S-H. The loss of intrinsic elasticity resulted from the decalcification

of C-S-H is suggested to be the primary source of the overall elastic stiffness reduction,

dominating over the influence of portlandite depletion. The measured elastic moduli

of the intact and leached C-S-H in nanoindentation tests are employed to evaluate the

elastic stiffness, tabulated together with the corresponding data of other constituents

in table 3.3.

The volume fraction of each constituent is incorporated in the Mori-Tanaka ho-

mogenization scheme to estimate the evolution of elastic moduli of the cement-based

material. In figure 3.5, the reduction of elastic property exhibits a two-stage degrada-

tion process. In the vicinity of leaching front, the values of Young’s modulus for both

paste and mortar decrease from original values of 20.97 and 24.77 GPa to approximate
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Figure 3.4: Profiles of minerals in volume fraction for (a) paste and (b) mortar exposed to
6M NH4NO3 solution for 15 days.

17 and 21 GPa separately, which can be attributed to the significant dissolution of

portlandite since the incongruent dissolution of C-S-H is minor/negligible in the zone

adjacent to leaching front as shown in figure 3.4. By contrast, the outer zones of paste

and mortar both demonstrate a sharp diminution of elastic property dropping to 4.4

and 7.0 GPa approximately, while C-S-H with low Ca/Si ratio is the predominant

constituent in this zone (figure 3.4) representing the extent of C-S-H decalcification

in the leaching process.

Constantinides and Ulm [40] recorded the Young’s modulus of cement paste and

mortar decreasing from 21.65 and 25.14 GPa to 3.15 and 4.89 GPa respectively. Gallé

et al. [42] measured the elastic modulus declining from 23 GPa to 7 GPa for cement

paste subject to a thorough chemical degradation. The direct tensile tests of Heukamp

et al. [41] demonstrated likewise the significant reduction of Young’s modulus for the

leached cement-based material. The proposed methodology in the present work is

in accord with the above-mentioned experimental results, verifying the feasibility of

evaluating the residual elastic property of leached cement-based materials.

3.3.3 The mechanical behaviour of a leached mortar beam

Le Bellégo [25] performed leaching and three-point bending test on mortar beam,

which has been taken as a benchmark for the validation of chemo-mechanical simu-

lation [17, 20]. Therefore, in this section, the residual linear elasticity is employed to

evaluate the non-linear mechanical behaviour of leached structural component repro-

ducing the experimental work of Le Bellégo in consistence with previous studies.
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Figure 3.5: Profiles of Young’s modulus for paste and mortar subject to 6M NH4NO3

solution leaching for 15 days.

Table 3.3: Intrinsic elastic properties of solid phases in cement-based material

Solid phase E (GPa) Poisson’s ratio ν Reference

Portlandite 42.3 0.324 [55]
C-S-H (Intact) 23.8 0.240 [54]
C-S-H (Leached) 4.3 0.240 [54]
Ettringite 22.4 0.250 [23]
Monosulphate 42.3 0.324 [23]
Unhydrated clinker 117.6 0.314 [56]
Sand 41.4-115.8 0.170 [57]

In the experiment, a mortar beam of 320 mm × 80 mm × 40 mm (length × height

× width) was manufactured with a water/cement ratio of 0.5, and subject to leaching

for 114 days. The 6M NH4NO3 solution was only imposed on the bottom surface of

the beam, while the lateral surfaces and a 60 mm long section on both sides of bottom

surface were covered by the coating of RTV epoxy. Therefore, the central portion of

200 mm × 40 mm on the bottom of the mortar beam was exposed to the 6M NH4NO3

solution. The depth of the altered zone is measured according to the dissolution front

of portlandite, and the average depth of four leached beams is approximately 22 mm

between the dissolution front of portlandite and bottom surface of the beam. The

leached mortar beam was subsequently subject to displacement controlled three-point

bending test. The displacement loading was applied on the center of the top surface

of the beam, and the two supports on the bottom surface were 240 mm apart. The

half symmetric configuration of Le Bellégo’s experimental work is depicted in figure

3.6, and the element size is set to 2 mm. The element size is determined according to

computational time and accuracy. The finer element size can benefit the capture of
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detailed results of chemical degradation, but lead to prolonged computational time.

Displacement
Loading

6M NH NO4 3

Altered Zone

160 mm 160 mm

8
0

 m
m

8
0

 m
m

Three - Point
Bending Test

After Leaching

Figure 3.6: Schematic diagram of the model for the mortar beam subject to 6M NH4NO3

leaching and subsequently three-point bending test.

Table 3.4: The volume fractions (%) of compositions for mortar adopted in simulations of
section 3.3.3

Portlandite
C-S-H

Ettringite Monosulphate
Unhydrated

Sand Porosity
(Intact) clinker

6.45 18.6 0.94 0.06 3.95 50 20

The chemical degradation of the mortar beam leached by 6M NH4NO3 solution

is reproduced by the reactive transport model prior to the evaluation of the residual

mechanical behaviour. The paste of w/c = 0.5 [51] is extrapolated to determine the

volume fractions of initial compositions for the mortar beam, as tabulated in table

3.4.

The dissolution front of portlandite is approximately 22 mm shown in figure 3.7c

apart from the bottom surface of the mortar beam after for 114 days leaching, showing

good agreement with the experimental results of Le Bellégo. The depth of C-S-H

decalcification is slightly smaller than that of the altered zone (figure 3.7a and 3.7b),

and the completely decalcified depth is 18 mm. The elastic proprieties of the intact

mortar are Eo = 36.7 GPa and νo = 0.2, calculated by Mori-Tanaka scheme. The

chemical degradation is reflected in the reduction of elastic properties of the material

as discussed in section 3.3.2, which is demonstrated in figure 3.7d. The value of

Young’s modulus in the thoroughly leached zone plunges to approximate 6.4 GPa,

representing the depletion of portlandite and complete decalcification of C-S-H. By

contrast, the value is around 30 GPa in the outer contour of the leached zone, which

is determined by the residual content of portladite and C-S-H (Intact). The length of
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the altered zone is larger than that of the exposed zone due to the two-dimensional

diffusion of aggressive ion species from NH4NO3 solution, and the leaching front

subsequently disperses on the edge of exposed zone.
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Figure 3.7: Profiles of (a) C-S-H(Intact), (b) C-S-H(Leached), (c) portlandite in volume
fractions and (d) Young’s modulus (GPa) for the mortar beam exposed to 6M NH4NO3

solution for 114 days.

The leaching with 6M NH4NO3 solution renders the mortar beam partially de-

graded as shown in figure 3.7, and the simulated outcome is employed to evaluate

the three-point bending behaviour of the leached mortar beam. The elastic strain

threshold of the mortar is evolving with both chemical and mechanical damage from

the initial value of 1.15 ×10−4 as discussed in section 3.2.3. The three-point bending

behaviour of the intact mortar beam is simulated and compared with Le Bellégo’s

experiment [25] for contrastive analysis of the leaching effect on the flexural perfor-

mance.
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Figure 3.8: Comparison of force versus displacement curves between three-point bending
simulation and experiment for (a) the intact mortar beam and (b) the one exposed to 6M
NH4NO3 solution for 114 days.

The loading/unloading process is well simulated for the intact mortar beam (figure

3.8a), except for the slight deviation exhibited in the latter section of the unloading

curve. The maximum load demonstrated in the simulation is in good agreement with

the experimental result, representing that the overall stiffness of the mortar beam

is evaluated precisely with the proposed method. For the mortar beam leached by

6M NH4NO3 solution for 114 days, the loading process of the simulation matches

with the experimental curve properly (figure 3.8b), whilst the predicted maximum

load is slightly overestimated leading to the similar trend in the unloading curve.

This difference is considered mainly as the influence of the assumption of damage

threshold evolution discussed in section 3.2.3, and the overall mechanical behaviour

of the mortar beam predicted with the proposed methodology is satisfactory.

The smooth gradient of the unloading curve is attributed to the displacement-

based non-local damage model, and subsequently verifies the necessity of incorporat-

ing non-local version of mechanical damage model in the simulation which is suggested

by Stora et al. [17]. By contrast, a finer mesh is adopted in Stora’s work, however the

simulated post-peak behaviour is unsatisfactory for fitting poorly with Le Bellégo’s

experimental outcomes.

The study on the residual elastic properties of materials and mechanical behaviour

of structural components in this section can gain insights into damage mechanisms of

the leached cement-based material and build confidence to evaluate the fully coupled

chemo-mechanical degradation.
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3.4 The simulation of coupled chemical and me-

chanical degradation

The simultaneously mutual effect between chemical degradation and mechanical dam-

age for cement-based materials exposed to the aggressive environmental conditions

requires that the numerical modelling is capable of coupling the two mechanisms in the

duration of the service life. The evaluation of leaching process and chemical degrada-

tion on mechanical performance in section 3.3 is incorporated as the core component

in the fully coupled chemo-mechanical modelling, and performed in a staggered man-

ner as demonstrated in figure 3.1. The present study is focusing on the coupling of

chemical reactions and microcracks propagation, and the creep effect [12, 58] is not

incorporated. In order to reduce the influence of creep, a small flexural displacement

of 1.8 ×10−2 mm is adopted as suggested in the study of Stora et al. [17].

The simulation setup is to apply a prescribed displacement on the center of the

top surface of the mortar beam while the central portion (200 mm × 40 mm) on the

bottom surface is exposed to 6M NH4NO3 solution for 114 days, which is referred

to as the coupled case hereinafter and demonstrated in figure 3.9. After the com-

mencement of the coupled damage simulation, the proposed method evaluates the

leaching degradation and subsequent mechanical equilibrium of the mortar beam in

an eight-day cycle.

Displacement
Loading

6M NH NO4 3

160 mm

8
0
 m

m

Figure 3.9: Schematic diagram of the model for the mortar beam subject to the displacement
loading and 6M NH4NO3 leaching.
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3.4.1 The coupled chemo-mechanical degradation on leached
mortar beam

As the leaching process reduces the elastic properties of the beam, the static equi-

librium is perturbed and causes deformation. The potential mechanical damage is

subsequently evaluated by the proposed model until achieving convergence, and con-

sidered as microcracks instantaneously filling with pore solution. The propagation

of microcracks occurs in mortar beam during the leaching process, and subsequently

promotes chemical reactions to generate the greater degradation compared with the

leaching results (figure 3.7) of the beam without displacement loading. The general

patterns of the degradation for the two cases are similar, however the simulation out-

comes in figure 3.10 demonstrate the effect of the coupled chemo-mechanical damage

on the compositions and elastic stiffness of the material.
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Figure 3.10: Profiles of (a) C-S-H(Intact), (b) C-S-H(Leached), (c) portlandite in volume
fractions and (d) Young’s modulus (GPa) of the mortar beam simultaneously subject to
the imposed displacement of 1.8×10−2 mm and 6M NH4NO3 solution for 114 days.
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The leaching front reaches the depth of 26 mm in figure 3.10c at the central cross

section, and the corresponding depth for the depletion of portlandite is approximately

24 mm. The depth of complete C-S-H decalcification in figure 3.10a and 3.10b is 22

mm, which too occurs at the central cross section. In figure 3.10d, the residual Young’s

modulus reflects the same trend as the volume fractions of portlandite and C-S-H, and

the profile exhibits the convex shape in the middle of the interface between the intact

and degraded zone, of which the influence is discussed in section 3.4.2. In general, the

degradation of the coupled case presents the localized pattern and greater damage

in the vicinity of the central cross section in contrast to the chemical degradation

of leaching, and the differences between the two cases are attributed to the imposed

displacement which can cause mechanical damage during the leaching process.
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Figure 3.11: Profiles of the (a) mechanical and (b) chemical damage parameters for the
mortar beam simultaneously subject to the imposed displacement of 1.8×10−2 mm and 6M
NH4NO3 solution for 114 days.

The damage parameter of coupled chemo-mechanical degradation is defined as

the fraction of Young’s modulus reduction in equation (3.27), and consists of two

parameters with regard to chemical (dc) and mechanical (dm) damage respectively.

For a beam subject to three-point bending test, the tensile strain concentrates in the

lower central cross section. The leaching front propagates upwards from the bottom

surface progressively weakening the elastic stiffness of the beam, and consequently

exacerbates the tensile deformation. Therefore, the mechanical damage of the coupled

case is accumulating at the centre of the bottom surface towards the interior as

shown in figure 3.11a, and aggravates the penetration of the leaching front to generate

deeper altered zone compared with the chemical degradation of leaching in figure 3.7.

Since the leaching process at the central cross section is promoted by the mechanical
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damage, the ion species of NH4NO3 solution are migrating and consumed rapidly

generating the concentration gradient between the surrounding degraded zone and

central cross section, which drives the leaching process towards the central portion

and forms the localized pattern of degradation. In the zone of mechanical damage in

figure 3.11a, the chemical degradation shown in figure 3.11b is moderated due to the

mechanical damage and the consequent promotion of ion transport process, and the

overall damage degree is greater than that of the surrounding zone demonstrated in

figure 3.10d.

The width of damage zone in figure 3.11a is equal to the element size, since the

damage just occurs in elements of the lower central cross section due to the small

displacement loading. The non-local damage model can negate mesh dependence

during the development of damage zone, if further displacement is applied.

In the course of the coupled chemical and mechanical damage, the front of lo-

calized degradation is progressing upwards along the central cross section causing

the reduction of Young’s modulus and subsequent redistribution of deformation in

the area. The lower half of the middle portion of the mortar beam is zoomed in to

demonstrate the variation of equivalent strain in figure 3.12a-c with time. By 40 days

leaching of the coupled case in figure 3.12a, the equivalent strain of the bottom cen-

tral cross section is distinctly greater than that of the neighborhood. As the leaching

front progresses inwards by 80 days, the interior of the beam is undergoing stiffness

reduction, and the equivalent strain subsequently spreads through the inner portion

of the central cross section as shown in figure 3.12b. By the end of 114 days leaching

in the coupled case, the equivalent strain of the bottom central cross section is not

further decreasing significantly demonstrated in figure 3.12c, and the value is increas-

ing steadily in the middle of the central cross section representing the continuous

stiffness reduction due to the coupled chemo-mechanical damage. The comparison of

the equivalent strain in the lower central cross section is demonstrated in figure 3.12e.

The corrosion depth of the surrounding zone increases with the propagation of

leaching front, and the corresponding reduction of stiffness has a similar impact on

the distribution of equivalent strain. After 40 days leaching in figure 3.12a, the

equivalent strain is concentrated around the lower centre of the beam, as the leached

zone is developing in the vicinity of bottom surface. The overall area of the leached

zone is expanding with the leaching process, which means that the stiffness-degraded

zone is growing and therefore the equivalent strain is increasing. In figure 3.12a-c,

the equivalent strain around the lower centre of the beam is spreading gradually with
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the proceeding of the coupled degradation, and radiating outward as a result of the

extension of the stiffness-degraded zone along with time.

The chemical degradation of 114 days leaching on the mortar beam is demon-

strated in figure 3.7, and a subsequent displacement of 1.8×10−2 mm is imposed

on the leached beam, which is referred to as the non-coupled case hereinafter, to

demonstrate the differences with the coupled case. The mechanical damage is not

occurring during the displacement loading process, since the elastic strain threshold

in the altered zone has increased remarkably with the significant reduction of Young’s

modulus by the end of 114 days leaching. Therefore, the profile of the residual stiff-

ness in the non-coupled case is identical to that depicted in figure 3.7d, demonstrating

a more uniform distribution than that of the coupled case in figure 3.10d. The de-

formation due to the subsequent displacement exhibits the same feature as well. In

figure 3.12d, the maximum of equivalent strain in the non-coupled case occurs in

the lower central cross section, and is approximately half that of the coupled case in

figure 3.12c, which is attributed to the absence of mechanical damage and thus the

greater residual stiffness. Correspondingly, the greater equivalent strain is observed

over the neighborhood of central cross section in non-coupled case as a consequence

of the uniform distribution of Young’s modulus, and the overall distribution of the

equivalent strain also exhibits the outgoing radiational pattern.
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Figure 3.12: Profiles of equivalent strain of the mortar beam subject to the imposed dis-
placement of 1.8×10−2 mm and 6M NH4NO3 solution for the coupled damage simulation of
(a) 40, (b) 80, (c) 114 days and (d) non-coupled damage simulation after 114 days leaching;
(e) the comparison of equivalent strain in the lower central cross section between cases.
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3.4.2 The residual mechanical behaviour of mortar beams
with coupled and non-coupled degradation

The mortar beam undergoing 114 days leaching was sequentially subject to an im-

posed displacement of 1.8 ×10−2 mm (non-coupled case) in section 3.4.1, which was

subsequently contrasted with the beam on which the same leaching duration and im-

posed displacement were applied simultaneously (coupled case). The outcomes of the

two cases are adopted as the starting points to evaluate the mechanical behaviour

of the degraded beams with the further imposed displacement in this section. The

current mechanical damage of the coupled case is shown in figure 3.11a, while no

mechanical damage occurred in the non-coupled case. The subsequent propagation

of damage due to the further imposed displacement is demonstrated in figure 3.13.

Based on the coupled damage of the beam in figure 3.11, the consequent me-

chanical damage accumulates between 20 mm and 40 mm height of the central cross

section in figure 3.13a as the imposed displacement is increased to 3.5×10−2 mm. The

mechanical damage is increased in the central cross section and extending upwards

while the displacement loading reaches 4.5×10−2 mm in figure 3.13b, and the longi-

tudinal propagation of damage is observed with the scope of approximate 20 mm at

the height of 24 mm.

In the non-coupled case, the damage pattern is similar with that of the coupled

case when the displacement of 3.5×10−2 mm is loaded in figure 3.13c, except for

the slightly longitudinal propagation of damage at the height of around 22 mm.

Subsequently, the mortar beam subject to the displacement of 4.5×10−2 in figure

3.13d exhibits the significant propagation of mechanical damage in both vertical and

longitudinal orientation.

The convex area of the residual stiffness profile in figure 3.10d demonstrates a

larger depth and greater degradation in the vicinity of central cross section compared

with that of non-coupled case in figure 3.7d. Consequently, the elastic strain threshold

of the convex area in the coupled case increases with the stiffness reduction, which

retards the damage propagation in the test of residual mechanical behaviour. For the

same reason, no further mechanical damage is formed in the lower central cross section

(figure 3.13a and b) during the displacement loading process since the strain threshold

increases due to the coupled damage in figure 3.11. By contrast, the interface between

the intact and altered zone is flat in non-coupled case (figure 3.7), and the profile of

residual Young’s modulus is generally uniform. In this context, the centre of the

interface has the same elastic strain threshold as the neighborhood and is subject to
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Figure 3.13: Profiles of damage parameters of the mortar beam subject to the total imposed
displacement of (a) 3.5×10−2 mm and (b) 4.5×10−2 mm after the coupled degradation of
a displacement of 1.8×10−2 mm and 6M NH4NO3 solution leaching for 114 days; and
profiles of damage parameters of the mortar beam subject to the imposed displacement of
(c) 3.5×10−2 mm and (d) 4.5×10−2 mm after 114 days leaching of 6M NH4NO3 solution.

larger tensile strain in the three-point bending test, which subsequently explains the

prompt propagation of mechanical damage in non-coupled case in figure 3.13c and d.

According to the results above, the overall development of microcracks in the

coupled case differs from that in non-coupled case. It is noteworthy that the greater

degradation occurred in the convex area in the simulation of coupled chemo-mechanical

degradation, and can restrain the damage propagation in reloading stage in contrast

to the non-coupled case. In the work of Stora [17], the accumulation of microcracks

in fully coupled degradation is captured at central cross section, however the profile

of residual constituents (e.g. portlandite) is approximately the same as that in non-

coupled degradation representing the incompleteness of promoting chemical degra-

dation, which subsequently leads to the absence of damage alleviation in reloading

The coupled chemo-mechanical degradation of cement-based materials



3.5. CONCLUSIONS 79

test.

3.5 Conclusions

In the present work, the coupled chemo-mechanical degradation model is proposed

for cement-based materials submitted to aggressive aqueous solution and external

loads. The accommodation of the reactive transport model and displacement based

non-local damage model enables the proposed method to simulate the process of

aquatic chemistry and propagation of microcracks separately. The coupling scheme

is developed with regard to porosity and elastic moduli based on the principles of the

two models.

The reactive transport model is able to evaluate the complex chemical degrada-

tion, such as portlandite dissolution and C-S-H decalcification, which are recognized

as the main sources of the stiffness reduction for cement-based material. The vol-

ume fractions of solid phases are subsequently updated after the chemical reactions,

and the residual elastic moduli are evaluated in homogenization approach based on

the Mori-Tanaka scheme. The chemically induced stiffness reduction is moderate

due to the prompt dissolution of portlandite until depletion, and subsequently the

decalcification of C-S-H leads to a plunge of Young’s modulus. The validation of

existing experimental data demonstrates that the proposed method is able to capture

the impacts of chemical degradation on the mechanical properties of cement-based

materials.

The three-point bending simulations are performed on mortar beam subject to

6M NH4NO3 solution for 114 days in coupled and non-coupled cases. By contrast

to previous study of Stora et al. [17], the incorporation of non-local damage model

is indispensable to capture the post-peak behaviour and coupled degradation of the

beam. In the coupled case, the degradation profiles exhibit the localized pattern as a

result of mechanical damage at the central cross section of the beam, which demon-

strates that the proposed method is feasible to feed back the mechanical damage to

the process of chemical degradation. The profiles of the equivalent strain in coupled

case demonstrate the detailed evolution with time and features missed in non-coupled

case. The residual flexural behaviour of the beam is further tested, and the pattern of

damage propagation exhibits significant differences. The mechanical damage occurred

during the coupled degradation process can aggravate the penetration of the leach-

ing front and cause additional damage by contrast with the non-couple case, which
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consequently softens the damage prone area and retards mechanical degradation for

the subsequent displacement loading.

The differences between the coupled and non-coupled case are remarkable under

the same chemical and mechanical boundary conditions, and suggest the significance

of coupling chemical and mechanical degradation for investigating the durability of

cement-based materials. The proposed coupled chemo-mechanical degradation mod-

elling accommodates the variation and effect of the material constituents on mi-

croscale and the structural behaviour on macroscale, and is a practical technique

for assessment of the chemo-mechanical degradation related infrastructures in the

framework of service reliable and durable engineering materials.

The coupled chemo-mechanical degradation of cement-based materials



REFERENCES 81

References

[1] Marcin Koniorczyk, Dariusz Gawin, and Bernhard A. Schrefler. Multiphysics

model for spalling prediction of brick due to in-pore salt crystallization. Com-

puters & Structures, 196:233 – 245, 2018.

[2] S.T. Yang, K.F. Li, and C.Q. Li. Numerical determination of concrete crack

width for corrosion-affected concrete structures. Computers & Structures, 207:75

– 82, 2018.

[3] S. Biswal, D.H. Reddy, and A. Ramaswamy. Reducing uncertainties in estimating

long-time prestress losses in concrete structures using a hygro-thermo-chemo-

mechanical model for concrete. Computers & Structures, 211:1 – 13, 2019.

[4] H. F. W. Taylor. Cement chemistry. Thomas Telford, London, second edition,

1997.

[5] B. Gérard. Contribution des couplages mécanique-chimie-transfert dans la tenue
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attaquées par l’eau: Estude expérimentale et analyse numérique. PhD Thesis,

ENS Cachan, France, 2001 (in French).
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Chapter 4

The chemo-mechanical effect of
carbonation

In this chapter, the study of chemo-mechanical effect of carbonation is presented as

a manuscript which is

Zhongcun Zuo and Terry Bennett : The chemo-mechanical effect of calcium carbonate

precipitation for cement-based materials exposed to carbonated brine, Cement and

Concrete Research (ready for submission).
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The chemo-mechanical effect of calcium carbonate

precipitation for cement-based materials

exposed to carbonated brine

Abstract

Cement-based material is significantly transformed with exposure to carbonated brine,

and calcium carbonate is the product exerting chemical and mechanical influences on

the material. The presence of magnesium in cement leaching system is demonstrated

to be crucial in the process of chemical reactions with existing experimental out-

comes and numerical simulation, which protects cement from degradation by sealing

the surface. In absence of magnesium, the concentration of dissolved CO2 dominates

the degradation rate by the pore-clogging effect of the calcium carbonate layer. The

interplay of pH and CO2 concentration leads to the shifting calcium carbonate layer

due to mechanisms of dissolution and re-precipitation. Based on a micromechanical

model, the precipitated calcium carbonate is incorporated with leached cement paste

to evaluate the residual elastic moduli. Numerical analyses of cement paste beam

exposed to carbonate brine exhibit that the shifting carbonate layer indicates the

completely decalcified zone which influences the overall flexural behaviour.

Keywords : CaCO3; Degradation; Durability; Elastic Moduli; Microstructure.
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4.1 Introduction

The precipitation of calcium carbonate (CaCO3) is observed in cement-based ma-

terials in contact with solutions rich in carbonate ions [1]. In terms of industrial

applications, the presence of CaCO3 plays an influential role in infrastructures as a

beneficial mechanism for carbon capture and storage [2, 3], geological disposal facil-

ity [4] and remediation of cement and concrete [5–7]. Therefore, the understanding of

fundamental mechanisms of calcium carbonate precipitation (CCP) and subsequent

chemo-mechanical effects on cement-based materials is crucial to gain insights into

the serviceability of the aforementioned applications.

The process of CCP is complex and volatile due to the influence of ion species in

the reactive environment, therefore the stable polymorph of CaCO3 is not straightfor-

wardly achieved. It has been recognized that magnesium ions can have an stabilizing

effect on CCP in chemical mechanisms, which is discussed detailedly in the follow-

ing section. However, the effect of Mg ions has not been thoroughly highlighted in

carbonation related studies of cement-based materials, and subsequently the interpre-

tation of experimental outcomes is insufficient to cover involved mechanisms, which

can lead to the difficulty in reproducing conclusions of existing studies. In addition,

the pore-clogging effect of CCP is a crucial feature in carbonation of cement-based

materials, and the formation of CaCO3 in the matrix can serve as both a barrier

protecting the interior intact and a reinforcement strengthening the degraded cement

materials in terms of elastic moduli. The chemical and mechanical effects of CCP on

the overall performance of cement-based materials remain to be further investigated,

and the integrated methodology of reactive transport, micromechanics and non-local

damage model is presented in this study.

4.1.1 Mechanisms of CCP

The crystallization pathway of CaCO3 is not straightforward, and differs significantly

determined by the compositions of the reactive solution.

The amorphous calcium carbonate (ACC), transforming to the crystalline CaCO3

as a precursor [8–10], occurs in modern precipitation environments with the chemi-

cal formula documented as CaCO3·nH2O (n = 1:1.6) [11], and its formation can be

described with the chemical formula [12]

CaCO3 · nH2O = Ca2+ + CO2−
3 + nH2O (4.1)
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Rodriguez-Blanco et al. [13] demonstrated that the transformation of ACC into

crystalline CaCO3 is affected by the initial pH of the aqueous solution. Specifically,

calcite was observed as a result of the direct transformation of ACC in a neutral

solution. By contrast to the case of a high pH solution, the crystallization pathway

involves two mechanisms [14]: i) ACC dehydrates to form crystalline vaterite rapidly;

ii) the vaterite dissolves and reprecipitates to form calcite. The reaction rate of the

latter mechanism is dominated by the reactive surface area of calcite, and approxi-

mately one magnitude less than that of the former one. Purgstaller et al. [15] carried

out experiment with a magnesium free solution, and likewise demonstrated that ACC

transformed into calcite via a precursor – vaterite.

For the aqueous solution carrying Mg ions, Loste et al. [8] demonstrated that

ACC is the first phase precipitated in all experimental cases. The experiment with

the presence of magnesium ions (Mg/Ca ratio = 1:9) in the reactive solution [13]

demonstrated that Mg2+ improved the stability of ACC, and subsequently increased

the induction time of ACC crystallization by one order of magnitude without the for-

mation of vaterite in contrast with the magnesium free system. The high dehydration

energy of Mg2+ compared to Ca2+ kinetically inhibits crystallizing process [16, 17],

which subsequently stabilizes ACC and reduces its solubility. The growth of calcite is

favored and the crystallization of vaterite is limited, due to stabilized ACC decreasing

the supersaturation level of the reactive solution [13].

In the subsequent experimental studies [18–20] focusing on the fundamental mech-

anism of the interaction between Mg and ACC, the incorporation of Mg in ACC is

reported, which results in the formation of amorphous calcium magnesium carbon-

ate (ACMC) and its transformation to crystalline Mg enriched calcite (Mg-calcite).

Purgstaller et al. [15] performed experiments with reactive solutions of different

Mg/Ca ratios, and revealed two distinctive pathways for the formation of crystalline

CaCO3. In the case of reactive solution with an initial Mg/Ca ratio of 1:8, the for-

mation of crystalline Mg-calcite, which contains approximate 8 mol% Mg, occurred

from reactive solution directly without the ACMC precursor phase. In the cases of

solutions with initial Mg/Ca molar ratios (1:4, 1:5 and 1:6), ACMC precipitated and

served as a precursor for the transformation to Mg-calcite with up to 20 mol% Mg,

while the stabiltiy of ACMC is improved with the increasing Mg/Ca ratio. In the

solution with Mg/Ca ratio ≥ 4 [21–23], the high-magnesium calcite was formed via a

precursor amorphous phase. Meanwhile, the precipitation of aragonite from the high

Mg/Ca ratio solution was observed [21], which is attribute to the denser structure
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of aragonite avoiding the incorporation of partially dehydrated Mg2+ and consequent

inhibition of aragonite growth.

Therefore, the formation of ACMC occurs in the solution with Mg/Ca ratio ≥ 1:8

according to the existing experimental outcomes, and its chemical formula is described

as [12]

Ca1−xMgxCO3 · nH2O = (1− x)Ca2+ + xMg2+ + CO2−
3 + nH2O (4.2)

where x can be larger than 0.88 and n is variable. In this context, ACMC acts

as an energetically favorable pathway for the crystallization of Mg-calcite, and its

formation is of particular interest for the study of the precipitation of CaCO3-like

phases. The stability of ACMC is improved by the strong bond between magnesium

ions and structural water which enhances the activation energy relevant to dehydra-

tion [24]. Purgstaller et al. [25] consequently investigated the solubility product of

the synthesized ACMC, and gained an insight into the governing factors of ACMC

solubility.

ACMC is a special morphology product of CCP with the presence of Mg2+ in the

reactive solution, of which the effect is discussed in section 4.2.

4.1.2 The chemo-mechanical effect of CCP on cement-based
materials

For a Portland cement-based system, CCP occurs with other chemical reactions,

since the presence of water is necessary and can subsequently initiate the complex

process of chemical degradation. The leaching on the material by the percolating

solution causes a series of chemical reactions, and portlandite is the first dissolved

phase in the material [1]. Calcium silicate hydrate (C-S-H) in Portland cement-based

materials, serving as the primary bonding phase, is amorphous and nonstoichiometric

colloidal, and described as the gel with an average Ca/Si molar ratio in the scope of

approximate 0.8 to 1.75 [26, 27]. Berner [28] formulated a model accommodating

the incongruent dissolution based on thermodynamic considerations, and related the

incongruent solubility with the Ca/Si molar ratio of C-S-H gels. After the dissolution

of portlandite, C-S-H starts to dissolve incongruently presenting the release of calcium

ions and formation of C-S-H with lower Ca/Si ratio, which is referred to as the

decalcification of C-S-H.

The portlandite dissolution and C-S-H decalcification can create voids and de-

struct the microstructure of the porous cement matrix, which subsequently results
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in changes in the shielding capacity of the material [29, 30]. The significant loss of

mechanical properties for cement-based materials undergoing chemical degradation

has been long recognized [31, 32], and the decalcification of C-S-H is demonstrated

as the primary cause of the macroscopic elasticity reduction [33].

The carbonation of cement-based materials exposed to CO2 saturated solution

have been conducted with the same setup in experiments [34–36]. The microstructure

of carbonated materials, which is related to mechanical properties, is concluded as

the mixture of CaCO3 and decalcified C-S-H without evident order [34]. The Young’s

modulus of carbonated specimens is reported to be approximately that of intact

material in the experiment [36], which differs from experimental outcomes [31, 32].

Therefore, CCP in these experiments demonstrates the enhancement effect in elastic

properties of cement-based materials that undergo portlandite dissolution and C-

S-H decalcification. The presence of CaCO3 likewise strengthens specimens of the

atmospheric carbonation case in experiments [36, 37].

4.1.3 Scope and aim

The precipitation of CaCO3 in the interior of cement-based materials can result in

reducing or even blocking the pore space [38], and the formation of CaCO3 layer is

suggested to significantly retard the chemical degradation by sealing cement matrix

[39, 40]. Rimmelé et al. [41] report that CaCO3 precipitates at the vicinity of reaction

front and subsequently dissolves, which leads to remarkable variation of porosity

especially for cement exposed to CO2 saturated solution. The CaCO3 layer occurs

adjacent to the reaction front, and the dissolution of CaCO3 layer dominates the rate

of cement degradation in the experiment [42]. The laboratory experiments [43, 44]

demonstrate that the formation of a CaCO3 layer within cement matrix can reduce

the porosity and is subsequently related to the alleviation of the chemical degradation.

Dow and Glasser [45] investigated a surface layer of CaCO3 on the interface of

carbonate rich solution and cement-based materials. Schwotzer et al. [46] proposed

that the CaCO3 layer, which is deposited on the surface of cement materials in contact

with carbonated hard water, prevents the cement matrix from leaching process. In

this case, the reactants (calcium and carbonate ions) are provided by the water rather

than the pore solution, so that the formation of CaCO3 cannot really affect the

chemical equilibrium in pore solution and cause subsequent reactions within cement

matrix. Matteo et al. [3] performed flow-through experiments of cement paste with

solution carrying both calcium and carbonate ions, and demonstrated the sealing
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effect of CaCO3 layer on cement paste. However, the CaCO3 layer formed in the

interior of cement matrix rather than the water/cement interface, and the reaction

zone of cement paste in the experiment was recorded, which seems to contradict the

conclusion of Schwotzer et al. and implies two different mechanisms of CaCO3 layer

occurring in the two experimental studies separately.

In the present work, the formation of CaCO3 layer for cement-based materials ex-

posed to solutions with different compositions is investigated based on fundamental

mechanisms of CCP, and the interpretation of divergences presented in the aforemen-

tioned experimental observations [3, 46] is subsequently attempted to demonstrate

the influence of Mg on the precipitation of CaCO3-like phases. The simultaneous dis-

solution and precipitation of solid phases in cement-based materials are evaluated by

reactive transport model [47] to reproduce the complex chemical reactions in contact

with carbonated brine, and the volume fractions of cement constituents are subse-

quently obtained to calculate the elastic moduli of the material by the Mori-Tanaka

micromechanical model [48] for the assessment of the residual mechanical properties.

The chemo-mechanical evaluation of cement-based materials subject to carbonated

brine is further applied on a cement beam, and the four-point bending test is simu-

lated to evaluate the impact of dissolution/precipitation on the flexural behaviour of

the beam.

The sealing layer on the interface between cement paste and Mg rich solution is

investigated according to the latest experimental data of ACMC solubility in section

4.2, which is verified with the experiment [46]. The CaCO3 layer formed in cement

is simulated with carbonated brine of different concentrations and validated with

the experiment [3] in section 4.3, and the subsequent impact on elastic moduli is

evaluated by Mori-Tanaka scheme. Based on the residual stiffness after chemical

reactions, the flexural behaviour of a cement paste beam subject to carbonated brine

is demonstrated with numerical modelling in section 4.4.

4.2 The formation of ACMC in cement-based ma-

terials

The incorporation of Mg into ACC is recognized to play a crucial role in the sta-

bilization of the amorphous phase by preventing the dehydration of ACC (section

4.1.1). The solubility of ACMC is related with the energetically favorable pathway
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of the crystalline minerals, such as Mg-calcite and disordered dolomite, and the solu-

bility product of ACMC is studied as a function of the Mg content in the amorphous

phase [25]. In this section, the formation of ACMC in contact with Mg rich leaching

solution is discussed on the basis of existing experimental phenomena, and investi-

gated by numerical modelling with the latest experimental data, which sheds light on

a crucial mechanism related to the carbonation of cement-based materials.

4.2.1 The interpretation of experiments

In the study of Schwotzer et al. [46], the hard tap water was adopted as leaching

solution for the carbonation experiments of cement paste. The experimental system

was open to atmosphere allowing the uptake of CO2, and two exposure conditions

were performed to present the different availability of carbonate ions on the interface

between cement paste and leaching solution.

Following a two-day exposure to hard tap water in the experiment, a dense layer

of carbonate was recorded on the surface of cement paste, and the solid phases and

total porosity of cement paste did not change significantly up to ten-day exposure

under both conditions. In order to demonstrate the effect of chemical compositions

in leaching solution, the same experimental methods and procedures were performed

with demineralized water in contrast tests, which demonstrated the dissolution of

portlandite and precipitation of CaCO3 within the material. The chemical composi-

tions of the two types of water are tabulated in table 4.1.

Table 4.1: The chemical compositions of aqueous solutions in experiments [46].

Type of water
Ca Mg Na K Cl N S pH

mg/L mg/L mg/L mg/L mg/L mg/L mg/L -

Hard tap water 89.1 10.8 17 3.2 30 1.8 56.7 7.5
Demineralized water <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.03 6.0

In the case of hard tap water, the surface layer and approximately intact cement

matrix imply that hard tap water can supply the reactants of the carbonate product,

which exhibits a thoroughly sealing and protective effect for cement-based materi-

als. By contrast, the demineralized water, which carries HCO−
3 by achieving the

equilibrium with atmospheric CO2 (equation (4.3)), causes chemical reactions within

cement matrix, and the subsequently released Ca2+ reacts with the diffused HCO−
3

precipitating CaCO3 (equation (4.4)) in the interior of the material.

CO2(g) +H2O 
 H2CO3 
 HCO−
3 +H+ (4.3)
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Ca2+ +HCO−
3 
 CaCO3 +H+ (4.4)

Matteo et al. [3] performed flow-through experiments of carbonated brine with

different concentrations on cement paste. In the test with CB-I solution in table

4.4, Ca2+ and HCO−
3 , which are dominant reactants of the precipitation of CaCO3 in

equation (4.4), were carried in the leaching solution in order to realize the formation of

carbonate layer on the water/cement interface as that in the study of Schwotzer [46].

However, the sealing layer did not occur on the surface of cement paste, and a Ca-rich

layer was observed in the interior of the material exhibiting a pore-clogging behaviour.

The aforementioned cases of Matteo’s experiment and demineralized water both

contain HCO−
3 in leaching solutions with or without Ca2+, and neither can reproduce

the formation of carbonate layer on the water/cement interface. The contradictory

experimental phenomena require a mechanism other than the precipitation of CaCO3

in equation (4.4) to expound the protective effect of the surface sealing layer.

It is noteworthy that the presence of Mg in the hard tap water with the approx-

imate Mg/Ca molar ratio of 1:5 as shown in table 4.1. According to the discussion

in section 4.1.1, the incorporation of Mg in ACC occurs and subsequently forms

ACMC as the precursor of Mg-calcite, which is demonstrated in the experiment [15].

Therefore, it is plausible that the surface carbonate layer in the experiment with

hard tap water is composed of ACMC, of which the formation immediately seals and

protects the cement paste. The transformation behaviour of ACMC into crystalline

phase is still not thoroughly illuminated [25], nevertheless the crystallization process

is not assumed to compromise the self-sealing effect of the carbonate layer on the

water/cement interface.

4.2.2 The numerical simulation of the surface ACMC layer

The numerical study of ACMC in the cement-based system can promote better under-

standing of the experimental outcomes, and benefit the extended research on cement

carbonation related studies. The chemical equilibrium of the considered system is as-

sumed at the beginning of simulation, and disturbed by the diffused ion species from

the leaching solution, which is simulated by the reactive transport model [47]. The

subsequent dissolution/precipitation of solid phases is determined by the saturation

ratio Ω that is defined as

Ω =
IAP

K
(4.5)
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IAP =

Np∏
j=1

C
νnj

j γ
νnj

j , n = 1, 2, 3..., Nm (4.6)

where K is the solubility product, and IAP stands for ion activity product. In

equation (4.6), IAP is calculated by the concentration Cj, activity coefficient γj and

stoichiometric coefficient νnj of the j-th primary species, while Np and Nm are the

number of primary species and minerals respectively. The saturation index of a solid

phase is described as

SI = log(Ω) (4.7)

The solid phase dissolves when SI < 0 and precipitates when SI > 0, and is at

equilibrium when SI = 0.

In the present study, the Ca/Si ratio of intact C-S-H is considered as 1.7, while

that of leached C-S-H is 0.8. The cement paste prepared at a water/cement ratio of

0.4 in the work of Stora et al. [49] is adopted to numerically simulate the experiments

of Schwotzer et al. [46], and the volume fractions of solid phases in the paste are

tabulated in table 4.2.

Table 4.2: The volume fractions (%) of solid phases for cement paste adopted in simulations.

Portlandite
C-S-H

Ettringite Monosulphate
Unhydrated

Porosity
(Intact) clinker

10.8 49.7 2.3 0.4 18.4 18.4

The chemical constitution and thermodynamic data of ACMC have been increas-

ingly highlighted in latest works. The Mg/Ca molar ratio of the synthetic ACMC

is proposed to be 0.15:0.85 [50], which is related to the concentration of reactants

in the aqueous solution. ACMC with Mg content varying between 0 and 100 mol%,

including the case of Mg:Ca = 0.15:0.85, was synthesised in experiments [25], and

solubility product was studied based on the Mg content. The detailed information of

cement minerals and ACMC adopted in simulations is tabulated in table 4.3.

The configuration of one-dimensional simulations is demonstrated in figure 4.1, in

which a surface element is set up on the interface between cement paste and leaching

solution to capture the formation and subsequent effect of the carbonate layer. In the

experiments, the observation scale is between 0.01 and 100 µm. The element size of

cement paste is set up to 100 µm in simulations, while the size of surface element is
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Table 4.3: The chemical input data of the considered solid phases in simulations.

Solid phase Chemical formula Log(K) Reference

Portlandite Ca(OH)2 22.5444 [51]
C-S-H (Intact) Ca1.7SiO6.317H5.234 28.0022 [51]
C-S-H (Leached) Ca0.8SiO4.34H3.08 11.0503 [51]
Ettringite Ca6Al2(SO4)3(OH)12·26H2O 56.8823 [51]
Monosulphate Ca4Al2(SO4)(OH)12·6H2O 72.4704 [51]
Calcite CaCO3 1.8487 [51]
ACMC Ca0.85Mg0.15CO3·0.51H2O -6.04 [25]

10 µm. The solubility of CO2 in the leaching solution at atmospheric partial pressure

is measured as 0.18 mM [45], which is adopted in simulations.

Leaching
Solution

Leaching Reactive Transport

Surface
Element

Cement
Paste

Outermost
Element

Figure 4.1: Schematic flow diagram of the one-dimensional domain of cement paste subject
to leaching solution.

The chemical process of cement paste exposed to hard tap water in table 4.1 is

reproduced with numerical modelling to explore the mechanism of the surface carbon-

ate layer in the experiment [46]. The variation of solid phase in the surface element

is demonstrated in figure 4.2. The volume fraction of ACMC in the surface element

is increasing rapidly as observed in the experiment, and subsequently the porosity

decreases representing the clogging of pore space due to the formation of ACMC.

By contrast, the constituents of cement paste in the outermost element remain ap-

proximately constant in the course of ACMC formation as shown in figure 4.2, which

demonstrates the sealing effect of the ACMC layer and the subsequent protection on

the cement paste.

In order to numerically reproduce the experimental outcomes, CaCO3 is repre-

sented with calcite in table 4.3 by the reactive transport modelling. The outcome of

cement paste leached by demineralized water is depicted in figure 4.3. ACMC is not

observed in the surface element, which is attributed to the absence of the essential

reactants - Mg2+ in the system. The dissolution of portlandite is exhibited by the

decreased volume fraction with time, and decalcification of C-S-H is represented by
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Figure 4.2: Profiles of the surface element (SE) and the outermost element (OE) of cement
paste for the system in figure 4.1 subject to the hard tap water in table 4.1 for 2 days,
including the content of ACMC and porosity of SE, and portlandite and C-S-H(Intact) of
OE.

the increased C-S-H(Leached), which can release Ca2+ into pore solution. As the con-

centration of Ca2+ grows, the precipitation of calcite occurs due to chemical reactions

between dissolved CO2 and Ca2+ as described in equation (4.3) and (4.4).
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Figure 4.3: Profiles of calcite, portlandite and C-S-H(Leached) in the outermost element of
cement paste subject to the demineralized water in table 4.1 for 300 hours.

4.2.3 General discussion

The carbonate layer on the interface between cement paste and leaching solution

plays an important role in the process of chemical degradation, which is observed in

the experiment [46] and numerically reproduced in the present work.
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The water/cement interface serves as a nucleation site [52] of the deposition in

the process of chemical reactions, which accounts for the location of carbonate layer.

The constituent of the carbonate layer is suggested to be ACMC in the present work

based on extensive experimental conclusions and data in section 4.1.1. The solubility

and chemical formula of ACMC are investigated in the latest experiments [25], which

effectively supports the numerical simulation of ACMC layer in the present section.

The rapid formation of the surface layer consumes aggressive ion species, for ex-

ample HCO−
3 from dissolved CO2, preventing cement paste from chemical degrada-

tion. The subsequently formed ACMC layer seals the interface of cement paste and

obstructs the reactive transport between the external and pore solution, which can

completely arrest the subsequent chemical reactions, such as the dissolution of port-

landite and decalcification of C-S-H.

In the case of the demineralized water, the formation of ACMC layer is negated

due to the absence of Mg2+, nevertheless the precipitation of calcite occurs in the

interior of cement matrix despite the fact that the demineralized water is unable to

provide Ca2+ as reactant. Without the sealing effect of ACMC layer, the chemical

equilibrium between pore solution and cement paste is affected, and Ca2+ is released

into pore solution as a result of the dissolution of portlandite and decalcification of

C-S-H. Therefore, the diffused HCO−
3 can react with Ca2+ precipitating calcite in

pore space of cement matrix. The pore-clogging of calcite precipitation is reported

in literature [53, 54], and acts as a protective behaviour for the material by retarding

the process of reactive transport. By contrast to the completely ceased chemical

degradation by ACMC layer, the precipitation of calcite can establish a protective

mechanism to the material, which is however based on the premise of the already

happened chemical degradation within cement matrix.

In this section, the case of leaching by hard tap water demonstrates that reactants

(Mg2+, Ca2+ and HCO−
3 ) provided by external solution can result in the formation

of surface layer. While in the case of leaching by demineralized water, Mg2+ and

Ca2+ are both removed from external solution, and calcite forms in the interior of

cement paste. According to the mechanism of ACMC formation on the water/cement

interface, Matteo et al. [3] investigated whether a surface layer of calcite can form on

the interface when the leaching solution is carrying Ca2+ and HCO−
3 , and the effect of

CCP in the duration of chemical degradation with different ion concentrations, which

is demonstrated in section 4.3.
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4.3 The pore-clogging behaviour of CCP in cement-

based materials

The pore-clogging effect of CCP is determined by the compositions of the leaching

solution, especially the concentration of dissolved CO2, which is the essential reac-

tant of CCP and scarcely possible to abundantly consist in hydrated cement-based

materials. Matteo et al. [3] performed a series of leaching experiments with different

aqueous concentrations, and exhibited the mechanisms of cement degradation related

to carbonation. In this section, the numerical simulation of Matteo’s experimental

process is preformed with the same methodology and setup as those described in

section 4.2.

In the experiment, three batches of carbonated brine were adopted to represent

different situations of dissolved CO2, and the cement pasted was prepared with a

water/cement ratio of 0.4. The sodium bicarbonate and hydrochloric acid were em-

ployed to achieve the specified concentration of dissolved CO2 in leaching solution,

and calcium chloride was added in one of the brine to compare with the experiment

of Schwotzer et al. [46], as tabulated in table 4.4.

Table 4.4: The concentrations of dissolved CO2 in leaching solutions in experiments [3].

Carbonated brine
CO2(aq) Ca pH

mM mM -

CB-I 30 5.3 5.6
CB-II 10 - 5.6
CB-III 0.01 - 5.6

During the leaching process, the Ca content of cement matrix decreases due to the

dissolution of portlandite and decalcification of C-S-H, while the Ca concentration of

pore solution subsequently increases. The bicarbonate ions diffused into pore space

react with calcium ions in pore solution to precipitate CaCO3 as equation (4.4), which

can counteract the Ca loss and further increase Ca content by contrast with the intact

material. The dissolution/precipitation of solid phases is related to the porosity of

cement matrix, described as

∆φ = −
Ni∑
i=1

∆fri (4.8)
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φ = φo + ∆φ (4.9)

where ∆φ is the change of porosity, and ∆fri is the change of volume fraction for

solid phase i in the material. Ni is the number of solid phases undergoing chemical

reactions. φ and φo are the total and initial porosity respectively. If ∆fri > 0, the

solid phase i precipitates in the matrix, and the total porosity φ decreases for ∆φ < 0,

vice versa. When the precipitation of solid phases, for example CaCO3, dominates

the porosity change ∆φ, the pore space is reducing gradually due to CCP until φ = 0.

According to the experimental observation, the calcite layer formed between the

leached zone and dissolution front of portlandite, which is referred to as the reaction

front and identifies the nominal “reaction zone”. The depth of reaction zone dr is the

distance between the reaction front and exposed surface, and adopted to determine

the normalized depth dn with the actual depth da as defined in equation (4.10).

dn =
da
dr

(4.10)

The calcite layer is demonstrated by means of the Ca/Si ratio in cement matrix

versus normalized depth in the experiment. In figure 4.4, the Ca/Si ratio measured

in the leaching test with carbonate brine CB-I in table 4.4 is demonstrated against

normalized depth dn, which exhibits the formation of calcite layer. Ca2+ is incorpo-

rated in the test together with the 30 mM dissolved CO2 to verify whether calcite

can precipitate on the water/cement interface and protect cement paste as discussed

in section 4.2.3. However, the peak value of Ca/Si ratio is observed at the normalized

depth of approximate 1, implying that the formation of calcite layer occurs in the

interior of cement matrix rather than on the surface of cement paste.

The chemical degradation happens in the reaction zone (0 ≤ dn ≤ 1) in spite of

the formation of calcite layer, which is captured in the numerical simulation as shown

in figure 4.4. The profile of Ca/Si ratio exhibits similar pattern with the experimental

outcome, despite the values present significant differences which is attributed to the

different chemical systems in the experiment and simulation. The precipitation of

calcite is simulated to investigate the variation of Ca/Si ratio along normalized depth.

The coincident location of the both peak values demonstrates that the calcite layer

is formed in the course of leaching process, and dominants the Ca/Si ratio of the

material, which shows good agreements with the experimental results.
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Figure 4.4: Profiles of Ca/Si ratio and calcite in simulation by 45 days, and Ca/Si ratio
measured in experiment in the case of 30 mM dissolved CO2.

To investigate the formation of calcite layer with the moderate concentration of

dissolved CO2, the carbonate brine CB-II in table 4.4 is adopted in the experiment,

and the profile of Ca/Si ratio exhibits similar pattern with the case of CB-I. The peak

value of Ca/Si ratio occurs in the vicinity of the reaction front as shown in figure 4.5,

demonstrating the formation of reaction zone and the calcite layer. It is noteworthy

that a second peak occurs in the neighbourhood of the water/cement interface, and

Matteo et al. propose that a different mechanism may work in this case. The calcite

layer is formed at the reaction front in the simulation, resulting in the peak value

of Ca/Si ratio in the same depth in figure 4.5. However, the “second peak” is not

captured in the outer reaction zone.
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Figure 4.5: Profiles of Ca/Si ratio and calcite in simulation by 20 days, and Ca/Si ratio
measured in experiment in the case of 10 mM dissolved CO2.
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In the case of low concentration of dissolved CO2 with the carbonate brine CB-

III in table 4.4, the profile of Ca/Si ratio in the experiment is generally increasing

from the water/cement interface to the interior of cement matrix in figure 4.6, and

demonstrates the absence of the peak of Ca/Si ratio. By contrast to the cases of

CB-I and CB-II, it is plausible that the formation of calcite layer cannot occur in

the condition of 0.01 mM dissolved CO2. The slope of Ca/Si ratio represents the loss

of Ca content by the dissolution of portlandite and decalcification of C-S-H, which

is verified by the simulated outcomes in figure 4.6. The volume fraction of calcite

is approximately zero throughout the model of simulation, and the the Ca/Si ratio

exhibits the similar pattern with the experimental results.
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Figure 4.6: Profiles of Ca/Si ratio and calcite in simulation by 45 days, and Ca/Si ratio
measured in experiment in the case of 0.01 mM dissolved CO2.

The pore-clogging effect of calcite layer is demonstrated by the formation rate of

reaction zone in figure 4.7. The dissolution of CO2 into aqueous solution can produce

carbonic acid, and H+ is released into pore solution during the process of carbonation

(equation (4.3) and (4.4)). Therefore, the solution CB-I with 30 mM dissolved CO2

is the most acidic of the three cases, and subsequently results in the largest formation

rate of reaction zone with a trend of diminishing gradually. By contrast, the formation

rate is significantly reduced in the case of CB-II, and the development of the reaction

zone comes to a halt rapidly. The depth of reaction zone is generally proportional to

the square root of time in the case of CB-III, which is the typical feature of diffusion-

controlled process [55]. According to the results in figure 4.4-4.6, the formation of

calcite layer in the cases of CB-I and CB-II blocks the pathway of ion transport within

the cement matrix, and subsequently slows down the process of chemical degradation,

which can eventually cease the development of reaction zone.
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Based on the comparison of CB-I and CB-II in figure 4.7, the depth of reaction

zone is increasing with time in the condition of 30 mM dissolved CO2, while the

depth in the case of 10 mM remains at constant soon after the commencement of

experiment. The reaction zone is developing in spite of the formation of calcite layer

in presence of higher concentration (30 mM) of dissolved CO2. The calcite layer occurs

at the normalized depth of reaction zone dn = 1 as shown in figure 4.4, therefore it

is suggested that the calcite layer is moving inwards with the development of the

reaction zone representing the precipitation and subsequent dissolution of calcite in

the reaction front.
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Figure 4.7: The depth of reaction zone versus the square root of time for 30 mM, 10 mM
and 0.01 mM dissolved CO2 in experiments and simulations.

In the present section, the formation of calcite layer is discussed on the basis

of experimental outcomes and numerical simulations. In the experiment with CB-I,

the reaction zone is firstly developed, while the calcite layer is formed and moving

towards the interior until thoroughly clogging the pore space. It verifies that the

surface layer cannot occur with the presence of both Ca2+ and dissolved CO2 in

the leaching solution, and is rational to attribute the sealing effect of surface layer

[46] to the presence of Mg and the subsequent formation of ACMC as discussed

in section 4.2. The calcite precipitation can retain Ca content within the cement

matrix, and subsequently rise up the Ca/Si ratio, which seems unable to explain the

second peak of Ca/Si ratio in the CB-II case. The high Ca/Si ratio is attributed

to either the increasing Ca content or decreasing Si content, and the mechanism

determining the difference between experimental and simulated outcomes requires

further investigation.
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4.4 The effect of CCP on mechanical behaviour

The evolution of CCP in cement-based materials is dominated by pH, the concen-

tration of dissolved CO2 [56], and the configuration of pH and CO2 determines the

process of chemical degradation. Specifically, the acid attack causes the dissolution

of portlandite and decalcification of C-S-H when pH predominates the chemical re-

actions. By contrast, calcite precipitates and clogs the pore space of the material

when CO2 plays a leading role, and undergoes precipitation/dissolution cycle in the

condition of high CO2 concentration during the chemical degradation process.

The calcite layer is observed to precipitate and dissolve in the experiment [3],

which presents that calcite layer is moving towards the interior of cement paste

progressively. In this sense, the reaction zone is developing in the material ma-

trix weakening the mechanical properties of the cement paste, while the formation

of the calcite layer can strengthen the material as discussed in section 4.1.2. In this

section, the movement of the calcite layer in a structural component subject to the

carbonated brine is demonstrated by numerical simulations according to Matteo et

al. experiment. The elastic moduli of the partially degraded component is evaluated

by Mori-Tanaka scheme [48] incorporating both weakening (dissolution of portlandite

and decalcification of C-S-H) and strengthening (calcite precipitation) effect of chem-

ical reactions, and the overall mechanical behaviour is investigated by the four-point

bending simulation.

4.4.1 The precipitation/dissolution of calcite layer in cement-
based material

Matteo et al. [3] adopted carbonated brine of pH = 3.7 and 30 mM dissolved CO2

in the leaching test, and captured that the calcite layer is shifting laterally in a

duration of 73 days. The precipitation of calcite decreases the pH value of the pore

solution [56] as described by equation (4.4), which can result in an acidic environment

before clogging the pore space and the subsequent dissolution of calcite. Meanwhile,

the reactants of carbonation are continuously transported by diffusion, and precipitate

calcite in the deeper portion of the material, which accounts for the shifting calcite

layer.

The formation and movement of the calcite layer are reproduced numerically by a

cement paste beam of 0.16 m × 0.05 m × 0.03 m (length × height × width) subject to

leaching solution of pH=3.7 and 30 mM dissolved CO2, of which the half symmetric
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setup is demonstrated in figure 4.8. The element size of the model is 1 mm, and the

cement paste adopted in this section is the same as the material in section 4.2.

Carbonated Brine

0.08 m

0
.0

5
 m

Figure 4.8: Schematic diagram of the simulation for cement paste beam leached by carbon-
ated brine (pH=3.7 and 30 mM dissolved CO2) .

The formation of a calcite layer with time in the beam is demonstrated in figure

4.9. After 150 days, calcite is formed in the outermost element layer on the bottom of

the beam as depicted in figure 4.9a, while the moderate content of calcite appears in

the elements adjacent to the bottom layer. By 500 days, calcite completely dissolves

in the outermost element layer, and simultaneously precipitates in the depth between

1 mm and 3 mm shown in figure 4.9b, which presents the shifting calcite layer. The

dissolution and precipitation of calcite proceed and subsequently develop a uniformly

distributed calcite layer by 900 days in figure 4.9c. By 1400 days, the calcite layer

spreads inwards, and generally appears in the depth of 2 mm to 3 mm as demonstrated

in figure 4.9d.

The shifting calcite layer in the material matrix exhibits the varying amount and

width in the process of chemical degradation, which can lead to the different impacts

on the residual properties of the material. Therefore, the mechanical behaviour of

cement paste undergoing calcite precipitation is proposed to be investigated in the

present work based on the distribution of calcite during the leaching process.
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Figure 4.9: Profiles of calcite volume fractions in the cement paste beam exposed to car-
bonated brine (pH=3.7 and 30 mM dissolved CO2) for (a) 150 days, (b) 500 days, (c) 900
days and (d) 1400 days.
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4.4.2 The residual elasticity of cement-based material ex-
posed to carbonated brine

The formation of a calcite layer occurs in the context of a series of chemical reactions

between the cement matrix and pore solution. The dissolution of portlandite and

decalcification of C-S-H are the primary mechanisms for the elasticity reduction due

to cement degradation [33], which is measured that the Young’s modulus of cement

paste reduces from 21.65 GPa to 3.15 GPa in the experiment [57]. The reduction

of elasticity is supposed to be accommodated with the strengthening effect of calcite

precipitation to evaluate the overall mechanical properties for materials exposed to

carbonated brine.

The Young’s modulus Ehom and Poisson’s ratio νhom of the cement paste are eval-

uated by the Mori-Tanaka scheme [48] in equation (4.11) by homogenizing the multi

phases of cement material as the matrix medium and inclusions. For cement-based

materials, C-S-H is considered as the matrix medium accommodating the inclusions

as the macroscopic cement material. In context of calcite precipitated in the material,

calcite replaces C-S-H as the matrix medium if the volume of calcite exceeds that of

C-S-H in the representative elementary volume (REV).

Ehom =
9ψhomµhom

3ψhom + µhom
; νhom =

3ψhom − 2µhom
6ψhom + 2µhom

(4.11)

The bulk modulus ψhom and shear modulus µhom in Mori-Tanaka scheme are

described in equation (4.12) and (4.13).

ψhom =
∑

fiψi

(
1 + Am

( ψi
ψm
− 1
))−1

×
[∑

fi

(
1 + Am

( ψi
ψm
− 1
))−1

]−1

(4.12)

µhom =
∑

fiµi

(
1 +Bm

( µi
µm
− 1
))−1

×
[∑

fi

(
1 +Bm

( µi
µm
− 1
))−1

]−1

(4.13)

Am =
3ψm

3ψm + 4µm
;Bm =

6(ψm + 2µm)

5(3ψm + 4µm)
(4.14)
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where the bulk/shear moduli of the matrix medium and inclusions are ψm/µm and

ψi/µi respectively, while fi is the volume fraction of the i-th inclusion.

Table 4.5: Intrinsic elastic moduli of minerals in cement paste.

Mineral Bulk modulus (GPa) Shear modulus (GPa) Reference

Calcite 69.8 30.4 [58]
Portlandite 40.0 16.0 [59]
C-S-H (Intact) 15.3 9.6 [33]
C-S-H (Leached) 2.8 1.7 [33]
Ettringite 14.9 9.0 [60]
Monosulphate 40.0 16.0 [60]
Unhydrated clinker 105.4 44.7 [61]

The simulated outcomes of the cement paste beam subject to leaching for 150

days are demonstrated in figure 4.10. The outermost element layer has undergone the

complete delcalcificaiton of C-S-H as shown in figure 4.10a and 4.10b, and presents the

depletion of portlandite in figure 4.10c. Nevertheless, the Young’s modulus remains

approximately the initial value (20.9 GPa) demonstrated in figure 4.10d, which is

attributed to the precipitation of calcite in this area (figure 4.9a) by contrast to the

experimental results [57]. In the depth between 1 mm and 2 mm, the Young’s modulus

is slightly larger than the initial value due to the moderate decalcification of C-S-H

and formation of calcite. The evaluated values of Young’s modulus in the present

work generally accord with the conclusion of the experiment [36].

Portlandite and C-S-H are thoroughly degraded up to the depth of 2 mm by 500

days, which is demonstrated in figure 4.11a-c. As discussed in figure 4.9b, the calcite

layer moves to the depth of 1 - 2 mm rendering the absence of CCP strengthening effect

in the outermost element layer, which is reflected in the Young’s modulus significantly

reducing to approximate 2 GPa in figure 4.11d. By contrast, calcite counteracts the

majority of stiffness loss in the depth of 1 - 2 mm.

As the dissolution and re-precipitation of calcite towards the interior developing

an uniform calcite layer by 900 days in figure 4.9c, Young’s modulus decreases pro-

gressively with calcite dissolution in the depth of 1 - 2 mm, and increases remarkably

to approximate 47 GPa (figure 4.12d) in the depth of 2 - 3 mm as a result of the

calcite precipitation and the moderate degradation of C-S-H and portlandite shown

in figure 4.12a-c.

The high stiffness zone in figure 4.12d continuously undergoes the degradation

process on C-S-H and portlandite, while the precipitated calcite occupies the enlarged
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Figure 4.10: The volume fractions of (a) C-S-H(Intact), (b) C-S-H(Leached), (c) portlandite
and (d) Young’s modulus (GPa) of the cement paste beam exposed to carbonated brine
(pH=3.7 and 30 mM dissolved CO2) for 150 days.

pore space and subsequently becomes the matrix medium, which is depicted in figure

4.13a-c and 4.9d by 1400 days. Therefore, the Young’s modulus is approximately

reduced to the initial value in figure 4.13d. In the deeper zone adjacent to the calcite

layer, the Young’s modulus is slightly lower than the initial value throughout the

process of chemical degradation as shown in figure 4.10d - 4.13d, which is determined

by the moderate dissolution of portlandite.

The enhancement of calcite precipitation on the elasticity of cement paste sub-

ject to chemical degradation is qualitatively evaluated by Mori-Tanaka scheme in the

present section. In the thoroughly leached zone, C-S-H and portlandite are completely

degraded, however the formation of calcite can compensate the elasticity reduction

and maintain the Young’s modulus approximately at the initial value, which shows

agreement with the experimental outcomes [36]. During the process of chemical reac-
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Figure 4.11: The volume fractions of (a) C-S-H(Intact), (b) C-S-H(Leached), (c) portlandite
and (d) Young’s modulus (GPa) of the cement paste beam exposed to carbonated brine
(pH=3.7 and 30 mM dissolved CO2) for 500 days.

tions, the calcite layer moves to the intermediately degraded zone, and significantly

enhances the Young’s modulus twice as much as the initial value. The transformation

of constituents in cement paste is converted into the variation of elastic properties,

which is adopted to investigate the overall mechanical behaviour in the following

section.
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Figure 4.12: The volume fractions of (a) C-S-H(Intact), (b) C-S-H(Leached), (c) portlandite
and (d) Young’s modulus (GPa) of the cement paste beam exposed to carbonated brine
(pH=3.7 and 30 mM dissolved CO2) for 900 days.
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Figure 4.13: The volume fractions of (a) C-S-H(Intact), (b) C-S-H(Leached), (c) portlandite
and (d) Young’s modulus (GPa) of the cement paste beam exposed to carbonated brine
(pH=3.7 and 30 mM dissolved CO2) for 1400 days.
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4.4.3 The mechanical behaviour of cement-based material
exposed to carbonated brine

The mechanical behaviour of the degraded cement paste beam is evaluated with the

four-point bending test. The displacement loading is imposed 0.03 m away from the

centre on both sides on the top surface of the beam, and the simulation setup is

depicted in figure 4.14.

Displacement
Loading

Altered zone

0.08 m

0
.0

5
 m

m

0.03 m

Figure 4.14: Schematic diagram of the four-point bending test for cement paste beam
leached by carbonated brine (pH=3.7 and 30 mM dissolved CO2).

The Young’s modulus Ehom and Poisson’s ratio νhom of the cement paste are eval-

uated by Mori-Tanaka scheme in section 4.4.2 after a prescribed duration of chemical

degradation, and subsequently employed to update the initial stiffness tensor C0

defining the strain-stress relation in equation (4.15).

σ = C0 : ε (4.15)

where σ and ε are the stress and strain tensors respectively.

The cement paste is subject to flexure in the four-point bending test, and the

isotropic damage model is adopted to evaluate the material non-linearity. A scalar

damage variable d is defined in equation (4.16), and represents the reduced proportion

of Young’s modulus, assuming the Poisson’s ratio is unaffected during the process of

damage evolution [62].

d = 1− κ0

κ

[
1− α + α exp

[
β[κ0 − κ]

]]
(4.16)
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where κ0 and κ are the initial threshold and current damage threshold individually,

while α and β are material parameters.

The damaged stiffness tensor C is subsequently described as

C = (1− d)C0 (4.17)

To avoid the convergence difficulty and capture the post-peak behaviour, the

displacement based non-local damage model is incorporated in the present work, and

the detailed numerical implementation is presented in the literature [63–65]. The

initial strain threshold is 0.86 ×10−4 [32], while the model parameters α and β are

set to 0.9 and 2000 respectively.

The simulation of the four-point bending test is to qualitatively assess the overall

behaviour of the degraded beam, which requires to make assumptions due to the

complex constituents change in chemical reactions. For the REV undergoing stiffness

reduction in chemical degradation, the evolution of strain threshold is considered as

the same as that of mechanical damage in equation (4.16). In terms of the REV

where Young’s modulus is larger than that of the intact cement paste due to calcite

precipitation, the strain threshold is set to the initial threshold of intact cement paste

for simplification.
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Figure 4.15: Curves of force versus displacement in the four-point bending test for cement
paste beam subject to carbonated brine (pH=3.7 and 30 mM dissolved CO2) after different
time durations.

The force-displacement relation in four-point bending simulation is demonstrated

in figure 4.15 after the cement paste beam submitted to carbonated brine for various

durations. The curve of the intact beam (0 day) is approximately the same as that of
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beam subject to carbonated brine for 150 days. According to figure 4.9a and 4.10, the

outermost layer of the beam undergoes complete degradation on portlandite and C-S-

H, meanwhile the precipitation of calcite counteracts the weakening effect in stiffness,

which maintains the overall stiffness of the beam generally unchanged comparing with

the intact beam.

The curves of 500 and 900 days exhibit a high similarity in figure 4.15, and re-

markably differ from the curve of intact beam. In the two cases as shown in figure

4.11 and 4.12, the stiffness in outermost layer reduces significantly, due to the com-

pletely degraded portlandite and C-S-H as well as the absence of calcite, which can

account for the weakening of the overall mechanical behaviour. From 500 days to

900 days, the calcite layer is shifting towards the interior between 1 mm and 3 mm

demonstrated in figure 4.9b and c, the difference of stiffness distribution (figure 4.11d

and 4.12d) is unable to influence the overall flexural behaviour of the beam. By 1400

days, the calcite layer moves to the depth of 2 mm in figure 4.11d, and subsequently

the stiffness reduced zone is further developed in figure 4.13d, which contributes to

the reduction of maximum load and post-peak behaviour in figure 4.15.

4.5 Conclusions

The crystallization pathway and polymorph type of CCP highly depends on the re-

active environment, which can result in the different chemical and mechanical effect

in cement-based materials.

It has been studied in extensive experimental works that magnesium ions can

stabilize ACC due to the higher dehydration energy, and the formation of ACMC

by incorporating Mg into ACC is investigated on the basis of the Mg/Ca ratio. The

experiments of Schwotzer et al. [46] and Matteo et al. [3] provide an advantageous

support that the formation of ACMC layer occurs on the water/cement interface

with the presence of Mg, Ca and HCO−
3 in the leaching solution, while calcite layer

forms in the interior of cement material in the absence of Mg. The ACMC layer on

the interface demonstrates a feature of preventing the cement paste from chemical

degradation, which is numerically reproduced with the solubility product of ACMC

measured in the latest experiment [25].

The calcite layer occurs in the conditions of moderate and high concentration of

dissolved CO2, while the typical diffusion-controlled leaching process is observed with

low CO2 concentration. The pore-clogging effect is realized due to calcite precipitation
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in the case of moderate concentration, and ceases the further chemical degradation

in cement paste. The high concentration of dissolved CO2 is the most aggressive case

in terms of the degradation rate. The interplay between pH and CO2 concentration

can negate the pore-clogging effect by the dissolution and re-precipitation of calcite,

presenting the shifting calcite layer within cement matrix.

The transformation of cement constituents is incorporated with micromechanical

model to evaluate the variation of elastic moduli. The calcite layer can counteract the

stiffness loss of completely decalcified cement paste, and approximately maintain the

Young’s modulus at the initial value. In the moderately decalcified zone, the Young’s

modulus can increase to twice as the initial value. However, the overall performance of

the beam in the four-point bending test is determined by the depth of the completely

decalcified zone, which is located between the water/cement interface and shifting

calcite layer.

The formation and sealing effect of ACMC are potentially conducive to the CCP

related application in industry and investigation of biomineralization. The stability

and crystallization of ACMC require experimental studies to further reveal the rele-

vant mechanisms. The enhancement of CCP on the degraded cement-based materials

is qualitatively demonstrated in the present work, and the constitutive behaviour of

decalcified-strengthened cement-based materials none the less requires to be thor-

oughly studied in theory and experiment.
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[62] René de Borst, Mike A. Crisfield, Joris J. C. Remmers, and Clemens V. Ver-

hoosel. Non-Linear Finite Element Analysis of Solids and Structures. John

Wiley & Sons, Ltd, 2012.
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Chapter 5

Conclusions and recommendations

5.1 Conclusions

The modelling methodology of fully coupled chemo-mechanical degradation is de-

veloped in the present thesis, which consists of reactive transport, non-local dam-

age and micromechanical model. The proposed coupled damage model is able to

predict the long-term performance of cement-based materials in various real service

conditions based on chemical degradation, and subsequently evaluate the residual

mechanical properties/behaviour in the instantaneous interaction with the progress

of chemical reactions. In the perspective of engineering practice, the presented model

can assess the serviceability of cement-based materials in contact with aggressive

aqueous solutions, and contribute to the decision-making of remediation and replace-

ment. In the perspective of theoretical study, the present model successfully ac-

commodates interdisciplinary methodologies to integrate the modelling of coupled

chemo-mechanical degradation, and is able to demonstrate the physical and chemical

variation of cement-based materials from the constituents on microscale to structural

behaviour on macroscale.

According to the objectives in section 1.2, the major research outcomes of the

present thesis are summarised as following innovations:

Objective 1 :

• According to service conditions of oilwell cement, the long-term chemical degra-

dation up to 1000 years is investigated with reactive transport model for the

integrity of cement sheath subject to groundwater, and the model parameters

are calibrated by existing experiments, which overcomes the difficulties of ex-

trapolating experimental results. The interaction between cement constituents
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and pH of pore solution reveals the process of chemical degradation on mi-

croscale. The corrosion depth of cement annulus is predicted versus the square

root of time, which is practical for the assessment and forecast in industrial

projects.

• The difference of corrosion rate for cement sheath subject to groundwater is

demonstrated with dissolution/precipitation of cement minerals, which provides

a deep insight of long degradation in real service conditions. The precipitation

of calcite has an important impact on corrosion rate by reducing/clogging the

pore space within material matrix, which accord with experimental outcomes.

In addition, the precipitation of ettringite with the dependence of pH is cap-

tured, which is essential for studying the expansive effect of ettringite and the

subsequent mechanical damage on cement-based materials.

Objective 2 :

• Based on existing studies on coupled chemo-mechanical degradation, the non-

local damage model is coupled with reactive transport model to overcome the

existing difficulty of capturing the post-peak behaviour of the material. With

the integration of aquatic chemistry and proper development of microcracks in

the proposed model, the simulated flexural performance of three-point bend-

ing test show good agreement with experimental outcomes, which verifies the

significance of non-local damage model in coupled degradation modelling.

• The fully coupled chemo-mechanical degradation demonstrates remarkable dif-

ference with the non-coupled case, which results in different residual properties

and subsequent mechanical behaviour. The propagation of microcraks is in-

fluenced by the degraded area, of which the elastic moduli are evaluated by

Mori-Tanaka scheme and the evolution of elastic threshold is qualitatively de-

termined on the basis of experimental outcomes.

Objective 3 :

• The detailed review of magnesium ions incorporated into amorphous calcium

carbonate is performed to reveal the influence of Mg/Ca ratio on amorphous

calcium magnesium carbonate (ACMC) formation, which can explain the con-

flicting experimental outcomes in literature. The sealing layer of ACMC on

the surface of cement-based materials is demonstrated by existing experimental

outcomes, which is simulated with the latest data of solubility product.
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• The chemo-mechanical behaviour of calcium carbonate precipitation is evalu-

ated with the proposed model on the basis of the dependence to reactive envi-

ronments. The enhancement of calcium carbonate precipitation on cement elas-

tic moduli is accommodated by Mori-Takana scheme, which generally accords

with experimental results. The interaction of pH and CO2 concentration is suc-

cessfully simulated to demonstrate the pore-clogging effect and dissolution/re-

precipitation of calcium carbonate layer.

5.2 Recommendations

The present research project is an interdisciplinary science, covering geochemistry,

continuum damage and micromechanics, and inevitably involves assumptions and

limitations. In this context, the study of coupled chemo-mechanical degradation can

potentially be further consummated as following recommendations.

• Mass transport is defined by Fick’s law in reactive transport model, and negate

the electrical potential caused by the motion of charged particles. The Pois-

son–Nernst–Planck equations can describe the electro-diffusion to account for

electroneutrality. The diffusivity and tortuosity are primary aspects determin-

ing movement of ion species, and approximatively evaluated by saturation and

porosity based on homogenization, which is to be further studied heteroge-

neously.

• Corrosion depth of cement-based materials subject to aggressive aqueous solu-

tions is an essential indicator for degradation assessment, and the available mea-

suring methods suffer limitations. It is suggested to apply advanced testing tech-

nology to develop an universal measuring method, especially non-destructive

inspection, which can provide solid validations for the outcomes of numerical

simulations.

• The present study is focusing on the coupling effect of chemical and mechanical

degradation, and has not involved other issues like temperature effect on chem-

ical reactions, material plasticity and creep. The proposed methodology could

incorporate above mentioned issues and fulfil future studies.

• In order to be consistent with the adopted reactive transport model, the me-

chanical damage is converted to an equivalent porosity change to evaluate the

diffusivity and tortuosity, which is a phenomenological assumption to realize the
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complicated interdisciplinary project. However, the influence of microcracks on

transport properties of materials has yet to be comprehensively studied, which

can further be extended to the impact of fractures on the process of reactive

transport.

• The presence of magnesium in carbonated brine has been widely recognized

and studied in chemical engineering, however has not yet been highlighted in

carbonation studies on cement-based materials. The formation and subsequent

sealing effect of ACMC is discussed in the thesis, which has real potential in

CaCO3 related research and application.

• The enhancement of calcium carbonate precipitation on elastic moduli is qual-

itatively evaluated with Mori-Tanaka scheme in the thesis. The constitutive

behaviour of calcium carbonate strengthened cement involves both theoreti-

cal and experimental studies to quantitatively evaluate the current mechanical

properties. The measurement of elastic threshold and Young’s modulus evolu-

tion can vastly promote theoretical study and numerical simulation, however is

challenging due to difficulties of accurately realizing and testing the mixture of

totally/intermediately leached cement matrix and calcium carbonate.

• The premise of the chemo-mechanical degradation in the present study is sat-

urated condition, which means that diffusion is the predominant mechanism

initiating the degradation process. However, advection is a crucial scenario for

the application of chemo-mechanical process, which can be further investigated

on the basis of the present study.
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