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Abstract
Nowadays, as the serious and urgent problem of global warming becomes more
pressing, it is imperative to reduce the impact of CO2 emission in the atmosphere. One
of the strategies proposed involves the injection of the CO2 in deep geological formation
as a part of the process known as Carbon Capture and Storage (CCS). So, after long
investigation, researchers find that those abandoned gas/oil reservoirs are ideal for CO2
storage, since they are generally located under a very low permeability cap rock, which
has been able to retain gas or oil for more than thousands of years. However, by human
exploration, a cap rock is usually penetrated by several abandoned wells, which were
constructed and sealed using regular Portland cement, and those wells could cause
problems. Since the Hardened Portland cement paste (HCP) is highly alkaline in nature,
getting in contact with acid, like CO2 injection, may trigger a chemical degradation
process in the material. Therefore, it is highly recommended to understand very well
the physical and chemical phenomena involved in the problem, be capable to create a
simulation of the way CO2 may attack the Portland cement used in the abandoned wells
and obtain a realistic estimation of the risk of leakage of the stored CO2.
In this context, this thesis presents a study of acid attacks on gas/oil cement paste wells.
It involves the experiments using a similar simulation to check the degradation of
hardened cement paste and compare it with the result from a created numerical model.
Those experiments are focusing on the acid attack development on hardened cement
paste (HCP), testing nine specimens under controlled laboratory conditions in different
periods of exposure time. All those experiments have been carried out at the
Geotechnical Laboratory of the Department of Civil and Environmental Engineering of
UPC.
The aim of this thesis is to understand how the behavior of HCP under the controlled
conditions of acid attack is, try to understand the reason why the degradation will appear,
at what level, and find an approach to prevent it. The result will be help for durability
studies of existent oil/gas well cement seals and future oil/gas well cement seals designs.
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1. Introduction and objectives
Geological storage of carbon dioxide (CO2) is considered as a promising solution to
avoid the global warming arising from anthropogenic greenhouse gas emissions, by
capturing CO2 from industrial factories, thermal power plants, and all those energetic
sources, transporting it often by pipelines and injecting it into suitable deep rock
formations (IPCC, 2005). Among geological storages, one of the options is the depleted
oil and gas reservoir, and it is highlighted as the most favourable option for two reasons,
first, the oil and gas had been originally accumulated in many years without any
escaping, due to their integrity and safety, secondly, their rock structures are well
recognized, because some significant infrastructures were already placed in. However,
a major source of concern arises when the security of abandoned wells, they perforate
the caprock of the reservoir, may potentially constitute CO2 leakage pathways (Gasda,
et al., 2004). Because those abandoned wells had begun plugging decades ago when
CO2 storages was not under consideration, therefore, the primary cement used for the
casing and/or the plug cement used in those wells were regular Portland cements (e.g.,
API Class G and H oilwell cement). These cements, which are basic, are chemically
unstable in acidic environments (carbonic acid formed by an injection of CO2). If the
resulting hardened cement pastes (HCP) in the abandoned well get in contact with
injected CO2, two possible outcomes can be expected (Duguid and Scherer, 2010): first,
if the HCP is not submerged in water, its carbonation process of concrete is similar to
the normal one, a slight increase of HCP strength and reduction of its permeability will
occur; second, if the HCP is submerged in water or brine, which is the most common
condition in an abandoned well in a long term, it will suffer a progressive
decalcification process, “acid attack”, that leads to a drastic loss of mechanical strength
and increase permeability (Carey et al., 2007; Duguid et al., 2011; Duguid and
Scherer,2010; Kutchko et al., 2008, 2007; Rimmeléet al., 2008; Walsh et al., 2013).
Furthermore, the velocity of degradation of uncracked HCP samples under unstressed
condition is relatively slow (fractions of millimetres per month), and it slows down
when penetrates to HCP, it seems to have no potential influence on the integrity of the
well seals, due to the long cementation length (in order of ten meters or more). However,
if the degradation of acid attack is considered in combination with the mechanical loads
acting on the well cement in the reservoir and potential cracking, the influence could
be much different.
Facing this effect, redoing the abandoned wells cementation with resistant cement (e.g.,
Calcium aluminate cement) has been planned, but the cost could be extremely
expensive, in fact, some models have been proposed to help that, making an accurate
assessment of the long-term performance of abandoned well cement, when it is exposed
to the injected CO2 (Liaudat et al., 2018; Martínez et al., 2019)
So, in this context, the main aim is doing an experimental test to verify the Martínez A.
(2019) model of chemical-mechanical coupling in fracture mechanics. check the
experimental results, supporting and proving the accuracy of that model under
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simulation conditions. The experiment will test hardened cement pastes (HCP) under
acid attack, study their degradation when they exposed to carbonate brine, to illustrate
the feasibility of the model to reproduce realistic aspects of the degradation process.
Additionally, attempting to realize some possible unexpected issues that were not found
in the model and correct them if possible, so a sensitivity analysis of the experimental
parameters and main aspects of the phenomenon are presented.
The main principal activities to develop include:
◼ Manufacturing of HCP and creating an acidic condition for testing (carbonator
and reactor system), setting a different period of testing to understand better the
degradation of cement. Later, a compilation of the experimental information and
data processing will be archived to estimate the propagation of an acid attack.
◼ Empirical interpretation with data from the experimental phase (three point
bending test and electronic microscopy for submerged HCP and unsubmerged
HCP test.)
◼ Extracting some conclusions from the experiment and discussing with respect
to the Martinez A. model.
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2. State of the art
Ins this chapter is going to introduce the principal aspects of degradation related with
this thesis.
Firstly, understanding the concept and fundamental characteristic of Capture and
storage of CO2 in geological formation, especially in aspects of wells and possible risk
of leakage on them.
Secondly, describing the principal characteristic of acid attack to cement wells,
understanding their interaction, in addition, it is going to briefly describe the
carbonation mechanism and chemic reaction involved. Those concepts are based on
projects, that have been done by (Shukla et al., 2010; Zhang and Bachu, 2011; Choi et
al., 2013; Carroll et al., 2016 and Bagheri et al., 2018), and some technical information
of Intergovernmental Panel on Climatic Change (IPCC) of ONU (Metz et al.,2005)
Finally, introducing some fracture mechanical modeling.

2.1. Capture and storage of CO2
The capture and storage of CO2 involve serval technologies (Metz et al.,2005)
➢ Capture and separation of CO2 of large sources point generated by a human’s
activities (e.g., cement plants, power generation plants, etc.)
➢ Transportation of CO2. Generally using pipes.
➢ Storing the CO2 in a long term, through injection into a deep geological
formation, such as gas/oil reservoir, deep aquifer, etc. In generally, those
geological formation are composted by layers of impervious rock (cap rock),
which prevent the escape of CO2 to superficial.
In the 1970s, started the investigation of Capture and storage of CO2 and developing it
till now, however, this field of study is not finished yet, it must be more developed.
Nowadays, the world exists different kinds of programs facing geological storing
control, such as Sleipner in the North Sea; Weyburn project in Canada; In Salah project
in Algeria; Otway project in Australia, and far more. In some of the projects instead of
doing injection of CO2 for storing, they are also used for improving the recuperation of
petroleum (Enhanced oil Recovery (EOR) (Shukla et al., 2010)
The reason for choosing gas/oil reservoir is the gas and oil had been accumulated
originally, and they had not escaped for a very long period (in some cases are a million
years), so storing CO2 into them could be a very hopeful solution, and meanwhile, the
reservoir has already existed important infrastructures, wells, due to the exploration of
gas and oil, nevertheless, those wells after exploration could be an essential precaution
in the evaluation of security because the caprock of reservoir is penetrated by
abandoned wells sealing with cement, this could potentially generate a possible way of
leakage.
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In many cases, after the exploration, those abandoned wells were not considered for
blockage of storing CO2, the injection of CO2 started decades later. Therefore, the
primary cement used for the casing and/or the plug cement used in those wells were
regular Portland cements (e.g., API Class G and H oilwell cement). These cements,
which are basic, are chemically unstable in acidic environments (carbonic acid formed
by an injection of CO2). If the resulting hardened cement pastes (HCP) in the
abandoned well get in contact with injected CO2, two possible outcomes can be
expected (Duguid and Scherer, 2010): first, if the HCP is not submerged in water, its
carbonation process of concrete is similar to the normal one, a slight increase of HCP
strength and reduction of its permeability will occur; second, if the HCP is submerged
in water or brine, which is the most common condition in an abandoned well in a long
term, it will suffer a progressive decalcification process, “acid attack”, that leads to a
drastic loss of mechanical strength and increase (Carey et al., 2007; Duguid et al., 2011;
Duguid and Scherer,2010; Kutchko et al., 2008, 2007; Rimmeléet al., 2008; Walsh et
al., 2013).
The leakage route of CO2 can be in natural character (reactivation of faults, open fissure
seismicity, etc. (Hawkes et al., 2005; Orlic, 2009; Rutqvist, 2012) or in artificial
character, mainly are wells.
The temporal evolution of pressure in well due to extraction and injection of fluid,
combinate the different period of cementation of well, can cause variation of significant
tension in well, and mainly are the tensile stress (Mainguy et al., 2007). This kind of
stress can generate a propagation of fissure, particularly, in the interface of rock-cement,
cement- steel pipe, steel pipe-top sealing cement, because they are not heterogeneous
(Gasda et al., 2004). If the carbonated brine enters in the fissure generation by stress, a
problem begins, it can reduce the resistance of cement and induce an increasing and/or
propagation of fissure, the mechanical characteristics gets worse, even can reach the
integrity risk of wells, well can be collapsed, and CO2 escape from the reservoirs.

2.1.1. Storage of CO2
What kind of geological formation can give an effective way to store the CO2 is very
remarkable, the ubication of the formation should be more than 1 km, which provides
enough capacity, injectivity and containment (Bachu, 2003; Zhang and Bachu, 2011).
The containment of CO2 is particularly important because it could threaten the human
health (e.g., compromising the subterranean potable water) or impact the environment
(Metz et al. 2005)
Once the CO2 is injected to reservoir, exist a variety of physic and chemic mechanism,
some of them react quickly in short term, some of them react slowly in long term. Due
to low reactivity of rocks and CO2, its capture through the process of mineralization is
limited, so a major part of CO2 injected in reservoir is formed like supercritical fluid (a
fluid has a higher pressure and temperature than 7.38MPa and 31ºC, kind of hydride
that is between liquid and gas, it can diffuse into a gas or dissolve substance int to a
liquid) or dissolved phase.
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2.1.2. Wells
The construction of a well involved three processes: Perforation in soil, placement of
steel pipe, and recovery of cement in the interface between soil and pipe. And the last
process corresponds to an operation called primary cementation, generally using
cement Portland to establish an isolation zone to prevent fluid escaping to superficial
or permeable zones (Nelson, 1990), see figure 1.
The characteristic of a well is uncommon, the diameter of the well varies in depth.
When deeper is it, the thinner will be.
Moreover, during the construction phase, there is an operation to cover and repair
possible faults (e.g., creation of porous in cement recovery due to a bad ejection in its
construction), this operation takes place after the primary cementation, during its useful
life and its abandonment. After its abandonment, the well invert as a cement plug to fill
the reservoir, returning as the original rock sealing.

Figure 1. Description of wells, drilling well into the caprock till the reservoir, well a) how the well is during the
extraction of gas/oil, well b) how the well is after the abandonment.

2.1.3. Leakage risk of CO2
The leakage risk of CO2 through existing active or abandoned wells is particularly
important in sedimentary basins, especially in the history of petroleum and gas
exploitation, due to the huge number of wells. Those wells were designed to produce
or inject large volume of fluid, penetrating the caprock, build as layer to guarantee the
tightness of reservoir. And the integrity of wells contacting with carbonated brine in
long term may cause problem, such as a degradation of material.
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Nowadays, a new generation of well does not have such problem of degradation, they
are built with a better material available, but a major part of reservoir exists a lot of old
wells, and those wells were built without any expectation of storing CO2, their method
of application and material are obsolete right now (Gasda et al., 2004). And the
integrity of wells might be broken by the defected structures during pre-production and
production stage, facing corrosion and dissolution mechanism, can weaken the material
and produce faults (Teodoriu et al.,2013)
The main causes of risk for losing the tightness of CO2 reservoir are:
➢ Pre-production stage:
o Wells’ penetration can damage the rock formation.
o Casting pipe eccentricity.
o Improper elimination of drilling sludge.
o Incomplete of cementation and poor union between lining of pipes,
cement, and rock formation. (Bachu and Bennion, 2009) had measured
the permeability of void between, recover pipe and cement, they found
that, in case of good union, the effective permeability was 10-21 m2,
nevertheless, when the union is poor, the permeability increased in five
and sis magnitude order
o Contraction of cement during its hydration.
➢ Production stage
o Stress and strain. The change of temperature and pressures might cause
a change of stress due to a production, and many cycles of production
might generate fissure (Asamoto et at., 2013)
o Acid attack. Exposing well in acid environment may cause degradation
of proper material and changes of properties.
Furthermore, the migration of CO2, in the geological formation reaches to a old well,
the fissure of cement will not be a only way of the leakage, there has more possible
ways (see Figure 2 and Figure 3), showing in the following paragraph:
➢ Damaged zone, defects, void and pervious interface between cement lining
and rock.
➢ Cracks and defect in cement lining and cement plug.
➢ Crack and defect between cement and steel pipe.
➢ Perforation in steel pipe.
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Figure 2. Types of leakage after injection of CO2, the migration of CO2 may reach at bottom of old well to escape
or reach at some geological nature fault to escape.

Figure 3. Possible escaping approach of CO2 in existed wells: (a & b) between pipe and cements, (c) through
cement, (d) through steel pipe, (e) through cracks and (f) between geological formation and cement.
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2.2. Acid attack in cement wells
After describing the general characteristics of the cement well, it is also necessary to
understand how acid attack behaves in hardened cement pastes (HCP), firstly
describing the general aspects of cement (Portland cement) used in the construction of
wells, specially, its composition and its microstructure.

2.2.1. Hardened cement pastes (HCP) in wells
As it has been mentioned before that the old wells were built with Portland cement, so
the Portland cement clinker1 essentially consists of 4 mineral phases (Nelson, 1990):
◼ 60-70% of tricalcium silicate or Alite (Ca3SiO5 or C3S in cement chemist
notation (CCN)).
◼ 10-20% of dicalcium silicate or Belite (Ca2SiO4 or C2S in CCN)
◼ 3-4% of tricalcium aluminate (Ca3Al2O6 or C3A in CCN)
◼ 1-2% of alcium aluminoferrite (Ca2(Al,Fe)2O5 or C4AF in CCN).
Upon addition of water, clinker minerals react to form different kind of hydrates and
set as hardened cement paste (HCP). Specially, two calcium silicates, alite and belite
covert to calcium silicate hydrates (CSH) and portlandite (Ca(OH)2). The chemic
reaction is expressed below:
2Ca3 SiO5 + 7H2 O → Ca3 Si2 O7 · 4H2 O + 3Ca(OH)2

(1)

2Ca3 SiO4 + 4H2 O → Ca3 Si2 O7 · 3H2 O + Ca(OH)2

(2)

After the reaction, the hydration, the cement is composed essentially with CSH and
crystalline Portlandite. The formation of CSH depends on the Ca/Si ratios, it has around
70% weight in hardened cement pastes, and they usually manifest as foils or
needle/oriented foil. However, the portlandite has a shape of crystalline, and it has
around 15 – 20 % weight in hardened cement pastes. And the rest percentage are inert
cement hydration products, namely aluminate and sulfate compounds, and some pores.
The Portlandite occupies the existing void between cement grains and CSH. While the
CSH is primarily responsible for the strength in cement. And Portlandite is not very
resistant in the mechanic aspect, because it is very vulnerable facing various agents,
such as CO2, but it is an essential role to maintain Alkaline pH.

1

Cement clinker is a solid material produced in the manufacture of Portland cement as an intermediary
product. Clinker occurs as lumps or nodules, usually 3 millimetres (0.12 in) to 25 millimetres (0.98 in)
in diameter. It is produced by sintering (fusing together without melting to the point of liquefaction)
limestone and aluminosilicate materials such as clay during the cement kiln stage.
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2.2.2. General description of acid attack in PCH
Scientists concern that the integrity and security of CO2 geological storage, specifically
in the interaction between HCP and geological formation with the presence of CO2, and
this interaction may produce some series of degradation, which divide HCP from the
interior to exterior in four zones (See Figure 4 and Figure 5) (Kutchko et al., 2007,
2008a; Mason et al., 2013):
1. Unaltered zone: where the HCP remains unaltered. The initial pH in the interior
of HCP is alkaline (pH is around 12), due to the content of Portlandite and alkali
ions.
2. Dissolution zone: where exist an impoverishment of Portlandite. The Carbonate
brine spreads into the interior of HCP by the gradient difference of concentration,
it decreases the pH solution of pores, so the Portlandite is dissolved. The
dissolution of Portlandite reflects the increase of porosity in the same zone,
furthermore, making the leaching of calcium ions go to the exterior of HCP.
This zone shows an increase of porosity respect to unaltered zone, but not so
much as the amorphous zone, which will be explained later.
3. Carbonated zone: where produce the precipitation of calcite (reaction of
carbonatation). The carbonatation might be in the shape of three polymorphs
(calcite, aragonite, vaterite), and calcite is the most stable mineral in storage
conditions. The reaction of carbonatation is a result of leaching to the exterior
of HCP of the calcium ion diffusion and CO2. If the degradation of HCP stops
in this zone, there will not be any problem, because the calcite provides a
temporally impervious aspect, which decreasing the permeability of the zone,
and increasing resistance to acid attack (slight bigger than unaltered zone)
4. Amorphous zone: where HCP contacts directly with carbonated brin. Once, the
Portlandite is exhausted, it begins to dissolve the calcite (due to the quite
decreasing of pH and a big amount of CO2 entering to HCP). If the Portlandite
is not exhausted yet, pH remains alkaline, and calcite will maintain a stable state.
However, if the portlandite is fully exhausted, pH goes down, so starting the
dissolution of calcite, and the HCP will not be able to maintain the pH, then the
CSH converts to a gel of amorphous silica, which is weak against forces. When
the HCP is fully degraded, it has almost no mechanical resistant and with high
permeability.
The acid attack might alter the mechanical property of HCP, weakens the resistant
parameters of HCP, like the elasticity Modulus. In Figure 4, it shows the obtained
results by Mason et al. (2013), through nanoindentation test to describe above zones,
observing that in zones with higher porosity (dissolution zone and amorphous zone)
exist a decline of resistant parameters, meanwhile in zones with lower porosity
(unaltered zone and carbonated zone) is opposite.
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Figure 4. The left picture (a) shows the measure of nanoindentation test on samples facing acid attack in lab test.
Modulus of elasticity obtained by different zones: unaltered zone (purple), dissolution zone (green), carbonated zone
(red) and amorphous zone (blue)). The right picture (b) shows the reaction fronts in HCP, produced by interaction
with carbonated brine. Showing the result in segmentation of SEM image, highlighting the overlapped zones:
unaltered zone (gray), dissolution zone (green), carbonated zone (purple) and amorphous zone (red) (Mason et
al.,2013).

2.2.3. Reaction mechanism
The cement carbonatation implies the dissolution of CO2 in cement pore, which can
react to calcium ions and hydroxyl to from the calcium carbonate (Papadakis et al.,
1991), the reaction is described as below:
Ca(OH)2(s) + CO2 → CaCO3 + H2 O

(3)

One of the models of acid attack in HCP in geological storage of CO2 was written by
Kutchko et al., (2007). In the following paragraphs are going to explain each stage and
the essential chemical reaction of attack acid in HCP of old wells (see Figure 5 and
Figure 6).

Figure 5. Scheme of proposed carbonation mechanism in 5 stages, Note: CH = Portlandite; C𝐶̅ = Calcite.
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➢ Stage 1: the process is summarized in three reaction (Eq. (4), (5) and (6)), when
CO2 dissolves in aqueous phase, it becomes to carbonate acid (H2CO3), it leads
to the decrease of pH (approximately 3), then dissociating into bicarbonate
(HCO3− ) and carbonate ion (CO2−
3 ).
CO2(aq) + H2 O → H2 CO3(aq)

(4)

+
H2 CO3(aq) → HCO−
3 +H

(5)

+
HCO3− → CO2−
3(aq) + H

(6)

➢ Stage 2: the initial pH in the interior of HCP is alkaline (approximately 12) due
to the Portlandite content and alkalis in the cement. Then the carbonated brine
spreads towards the interior of HCP, so the Portlandite starts to dissolve (Eq
(7)), creating an impoverished zone (zone 1 or dissolution zone, Figure 6), and
this dissolution cause an increasing of porosity and leaching of calcium ion to
the exterior of HCP (by the gradient of concentration).
Ca(OH)2(s) → C𝑎2+ + 2OH −

(7)

➢ Stage 3: at this stage, appears the precipitation of calcite in cement matrix due
to the carbonation reaction (Eq. (8)).
Ca2+ + H2 CO3(aq) + OH − → CaCO3(s) + H2 O

(8)

This precipitation is from the diffusion of calcium ion to the exterior of HCP
together with the diffusion of carbonate ion to the interior of HCP. As figure (7)
shows that the zone 2 (or carbonated zone) is the most nonporous zone, same as
the unaltered zone, because in stage 2, by the dissolution of Portlandite, there
were pores available, so they are filled by precipitated solid, making the porosity
and permeability became lower and higher the toughness.
➢ Stage 4: Once all Portlandite is exhausted, starts to dissolve the calcite. During
the presence of Portlandite, pH remains higher than 12m and the most abundant
species of CO2 is the carbonated ion (CO2−
3 ), which forms to calcite and still
makes the pH stable. Nevertheless, when all Portlandite is exhausted, pH starts
decreasing (lower than 11) and the most abundant species of CO2 became to be
bicarbonate ion (HCO3− ), which is soluble in water, and this process is called as
bicarbonation, it can be observed in transition of zone 2 and zone 3 (Figure 6).
+
−
CaCO3(s) + H(𝑎𝑞)
→ Ca2+ + HCO3(𝑎𝑞)

(9)
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➢ Stage 5: amorphous zone or zone 3, a zone that has already suffered
carbonatation and bi-carbonatation. That is the end of the degradation of HCP.
By the dissolution of calcite, HCP is not able to remain pH in a basic state, CSH
in the HCP becomes in the gel of amorphous silica. And the stoichiometry of
the final reaction does depend on the Ca/Si ratio rather than cement components.
Showing the formation of amorphous silica on different stages in below (Fabbri
et al., 2012):
CSH1.6 + 3.2H + ↔ 1.6Ca2+ + H4 SiO4(aq) + 2.18H2 O

(10)

CSH1.2 + 2.4H + ↔ 1.2Ca2+ + H4 SiO4(aq) + 1.26H2 O

(11)

CSH0.8 + 1.6H + ↔ 0.8Ca2+ + H4 SiO4(aq) + 0.348H2 O

(12)

H4 SiO4(aq) → am − SiO2(s) + 2H2 O

(13)

(a)

(b)

Figure 6.( a) Theoretical mechanism model of acid attack in cement, in condition of geological storage of CO2 and
(b) SEM image of altered zone (Kutchko et al., 2007). Zone 1 or dissolution zone: the more internal evidence of
attack, light increase of porosity and decreasing in Portlandite; Zone 2 or carbonated zone: the frontal zone of zone
1, it is characterised by a decreasing porosity ring and an increasing of calcium contents, due to the precipitation
of calcite; Zone 3 o amorphous zone: the most external zone, and it is highly poor of calcium and a significantly
increase of porosity.
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All the zones were mentioned before are results of a balance between chemical
dissolution and migration of aqueous concentration gradient difference. Beside
chemical reaction process, the carbonatation is controlled by diffusion process.

2.3. Chemical degradation of fracture
In this chapter is going to using a constitutive law for zero-thickness interface element
with chemical degradation, it is formulated in terms of the normal and tangential stress
components in the mid-plane of the interface element 𝜎 = [𝜎𝑁 , 𝜎𝑡 ]𝑡 , where t means
transposed and the conjugate relative displacements 𝑢 = [𝑢𝑁 , 𝑢𝑡 ]𝑡 . The law is based on
the theory of elasto-plasticity and introduces nonlinear fracture mechanics concepts to
define the softening behaivour due to the work dissipated in the fracture process
(denoted 𝑊 𝑐𝑟 ).
Cracking starts when the fracture surface reaches the condition 𝐹 = 0, where 𝐹 is the
fracture surface definite in normal and tangential stress space and it also depends on
some resistance parameters clustering to vector 𝐏 and that the fracture surface 𝐹(𝜎, 𝐏)
is the hyperbola of three parameters 𝐏 = (χ, c , tanϕ) (Carol et al.,1997).

Figure 7. Representation in 2D of (a) variables of stresses and (b) relative displacement of joint. Where n i are
elements’ nodes and mpi are nodal points in middle plan of elements

𝐹(𝜎, 𝐏) = √(𝜎𝑇 )2 + (𝑐 − χ tanϕ)2 − (𝑐 − 𝜎𝑁 𝑡𝑎𝑛𝜙) = 0

(14)

Where 𝜎𝑁 is a normal stress; 𝜎𝑇 is a tangential stress; χ is the vertex of hyperbola,
which represents the traction resistance; and c and tanϕ are parameters of asymptote,
which represent the apparent cohesion and internal friction angle (see Figure 8a)
When starts the cracking process, the fracture surface 𝐹 contracts and decreasing the
stress, in mode that actualized stress point remains on surface. For pure tensile (Mode
I) a fracture fully developed, requires only one cinematic condition, which allows to
separate two sides of joint (Figure 8b).
On the other hand, the other limit situation corresponds to a fissure under shear forces
with high compression and no dilatancy, it is call as asymptotic mode or Mode IIa
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(Carol et al., 1997). In this condition, it is going to produce a slide in tangential
direction, no dilatancy in normal direction (Figure 8b).
As the fracture surface process and/or the chemical degradation progress, the fracture
surface shrinks. To control the surface evolution, the mode incorporates two parameters,
𝐺𝐹𝐼 and 𝐺𝐹𝐼𝐼𝑎 , which correspond the specific fracture energy in Mode I and Mode IIa
under high compression, respectively (Figure 8b). Moreover, those two energic
parameter are variable, going to decrease during chemical degradation in material,
therefore, it is incorporated a new parameter of a dimensionless history, 𝜂 , which
represents the chemical degradation of material (Martínez. A, 2019), and has a value
between:
0≤𝜂≤1
Where value 0 correspond to a material is not degraded and value 1 correspond to a
material is completely degraded.
Total exhaustion of tensile strength (χ = 0) is reached either for 𝑊 𝑐𝑟 = 𝐺𝐹𝐼 or for 𝜂 =
1 (curve “1” in figure 8c), and residual frictional strength (𝑐 = 0 and 𝑡𝑎𝑛𝜙 = 𝑡𝑎𝑛𝜙𝑟 )
is obtained for 𝑊 𝑐𝑟 = 𝐺𝐹𝐼𝐼𝑎 (curve “2” in Figure 8c)
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Figure 8. Model of joint: (a) fracture surface and plastic potential; (b) basic modes of fracture; (c) Evolution of
fracture surface; (d) softening law for 𝜒, 𝑐 , 𝑡𝑎𝑛𝜙. Adapted of Carol et al., (1997); López et al. (2008a).

The work spent on the fracture process during the formation of the crack is given by:
𝑑𝑊 𝑐𝑟

𝜎𝑁 𝑑𝑟𝑁𝑐𝑟 + 𝜎𝑇 𝑑𝑟𝑇𝑐𝑟
𝜎𝑁 ≥ 0
𝜎𝑁 𝑡𝑎𝑛𝜙
={
𝜎𝑇 𝑑𝑟𝑇𝑐𝑟 (1 − |
| 𝜎𝑁 < 0
𝜎𝑇

(15)

Where 𝑑𝑟𝑁𝑐𝑟 and 𝑑𝑟𝑇𝑐𝑟 represent the increment of relative displacement of normal
opening and of tangential opening.
So, this expression of work, it implies that in tensile/shear zone, all dissipated work in
the crack goes into fracture process, meanwhile, in compression/shear zone, the
contribution of 𝑊 𝑐𝑟 comes only from the shear work by subtraction the basic friction
(Carol and Prat, 1990).
The parameters of the fracture surface evolve by means of the following softening laws:
𝜒 = 𝜒0 [1 − 𝑆(𝜉𝑥 )][1 − 𝑠(𝜂)]

(16)

𝑡𝑎𝑛𝜙 = 𝑡𝑎𝑛𝜙0 [1 − 𝑆(𝜉𝜙 )] + 𝑡𝑎𝑛𝜙𝑟 𝑆(𝜉𝜙 )

(17)

𝑎 = 𝑎0 [1 − 𝑆(𝜉𝛼 )]

(18)

Where 𝜉𝜒 , 𝜉𝜙 and 𝜉𝛼 are dimensionless positive internal variables which grow with
𝑊 𝑐𝑟 . 𝑆(𝑋) is a scaling function which makes it possible to obtain a family of evolution
curves for different values of the shape parameter 𝛼 (Figure 8d). The variable 𝑎 is the
horitzontal distance between the vertex of the updated hyperbola and its asymptotes, in
such a way that the updated apparent cohesion 𝑐 is obtained from the following
expression:
𝑐 = (𝑎 + 𝜒)𝑡𝑎𝑛𝜙

(19)

The internal variable 𝜉𝜒 is defined in a differential form as follows:
𝑑𝜉𝜒 =

𝑑𝑊 𝑐𝑟
𝑤𝑖𝑡ℎ 𝜉𝜒 = ∫ 𝑑𝜉𝜒
𝐺𝐹𝐼 (𝜂)

(20)

The specific fracture energy in Mode I evolves with 𝜂 according to:

𝐺𝐹𝐼 (𝜂) = {

𝐼
𝐼 [1
𝐺𝐹0
− 𝑆(𝜂)] + 𝐺𝐹𝑚𝑖𝑛
𝑆(𝜂)
𝐼
𝐺𝐹𝑚𝑖𝑛

𝑖𝑓 𝜂 < 1
𝑖𝑓 𝜂 ≥ 1

(21)
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𝐼
𝐼
Where 𝐺𝐹0
and 𝐺𝐹𝑚𝑖𝑛
are values of 𝐺𝐹𝐼 for 𝜂 = 0 (no degraded material) and 𝜂 = 1
(completely degraded material). The evolution of 𝐺𝐹𝐼𝐼𝑎 is supposed to be proportional
to 𝐺𝐹𝐼 through this expression:

𝐺𝐹𝐼𝐼𝑎 (𝜂) = 𝐺𝐹𝐼 (𝜂)

𝐼𝐼𝑎
𝐺𝐹0
𝐼
𝐺𝐹0

(22)

Similarly, the internal variable 𝜉𝜙 and 𝜉𝑎 are given by:

𝑑𝜉𝜙 = 𝑑𝜉𝑎 =

𝑑𝑊 𝑐𝑟
𝐺𝐹𝐼𝐼𝑎 (𝜂)

(23)

Assuming that the ration 𝐺𝐹𝐼𝐼𝑎 (𝜂)/𝐺𝐹𝐼 (𝜂) remains constant for any value of 𝜂 , the
following relationship is obtained from Eq. (20) and (23)

𝜉𝜙 = 𝜉𝑎 = 𝜉𝜒

𝐼𝐼𝑎
𝐺𝐹0
𝐼
𝐺𝐹0

(24)

Note that the effect of the increasing chemical degradation (increasing 𝜂 ) on the
mechanical strength of the material is considered in two ways: (i) by reducing the tensile
strength (Eq. (16)), and (ii) by reducing the specific fracture energies 𝐺𝐹𝐼𝐼𝑎 and 𝐺𝐹𝐼 (Eq.
(21)).
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3. Experimental program
3.1. Description of experiment
This project will detail the development of the experimental program and evaluate the
mechanical degradation of Portland cement paste exposed to carbonated brine. The
proposed test will not take place in a realistic exposure condition of a reservoir (200 –
300 bar, 50 – 60ºC (Kutchko et al. 2007)), rather produce a similar chemical degradation
under a simplified condition in the laboratory (15 bar, room temperature 22ºC).
It is going to use nine prismatic cement paste specimens of 40 x 40 x 160 mm with a
central notch at 45 ºinclination and 10 mm of depth in submerged condition and another
nine with same characteristic specimens in unsubmerged condition. After that, nine
specimens will be placed in a reactor filled with full carbonated brine at room
temperature 22ºC and 15 bar of pressure for a maximum of 3 months. Finally, after the
acid attack, those specimens will submit to a Three-point bending (TPB) test to compare
the results for the different times submerged, also an evolution of the acid attack will
be observed via electronic microscopy.

3.2. Preparation of the samples
3.2.1. Dosage
Paste cement specimens are done with a relation of water and cement (w/c) equal to
0.45. The used cement is type CEM 42.5 N-SR 5 (AENOR 2011). Do not apply any
additives, grains, mineral and inert material such as filler, aggregates, etc.

3.2.2. Dimension of samples
It is going to make eighteen prismatic cement paste specimens of 40 x 40 x160 mm in
different exposure time for three point bending test. Once the curing is hardened, a 45º
inclination notch will be made to mark the fracture plan.

Figure 9. Dimension of sample, 40x40x160 mm and a notch of 45º.
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According to the Europe standard law UNE-EN 196-1:2005, the formation of
specimens must consider several conditions:
•
•

When the casting is finished, specimens will be cover by a plastic film to avoid
drying.
Specimens are hold in 24 hours in moulds before unmoulding.

Specimens will be dived under a solution of 0.5 Mol NaCl full saturated of quicklime
(calcium oxide) and place them in oven with 60ºC in 28 days.
The reason to use a high temperature during the curing process is helping to rise the
diffusion coefficient of free water and to ensure the HCP are well cured, avoiding
alteration of properties in exposure condition, so the concentration of Na and Cl in
mixture and in pore solution will quickly equalize, furthermore, it helps to rise the
capillary porosity of the cement paste (Gallucci et al. 2013).
To model the test, the concentration of Na and Cl in cement paste is likely to be uniform
and remains constantly throughout the exposure time avoiding this diffusion filed
problem, facilitating the analyse. The quicklime is used to prevent or reduce the
leaching of calcium in specimen during the curing process. Then the ratio between the
volume of curing solution and the specimen’s volume must be bigger than 4.
Once the curing is finished, all specimens will be taken out from oven and let them cold
down under room temperature in 48 hours then the prismatic specimen will be taken to
make notches using diamond band saw and using water to remove dusts and debris.
Will use an epoxy layer for the waterproofing of the specimen included the notch zone,
it is applied like a paint.
There are two conditions must be satisfied, the first one, this epoxy will withstand
during the exposure time without detaching from the specimen, the second one, it is
flexible enough to not influence the flexural characteristic of specimen under three
bending point test.
Once the waterproofing is done, the waterproofing cover of the tip pf the notch will be
removed using the same tool (diamond band saw).

3.2.3. Manufacturing process
In this chapter is going to show pictures of samples manufacturing based on explained
and requirement that were mentioned before.
Firstly, prepare the necessary volume of cement clinker and water using the w/c ratio.
Drop them into mould, then after a day of waiting, take all the specimens out of mould
and leave them in a solution of 0.5 Mol of NaCl fully saturated of quicklime, then place
them in oven with 60ºC in 28 days.
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(a)

(b)

(c)

(d)

Figure 10. Initial preparation, (a) casting process of 18 specimens; (b)preparation of 0.5 Mol NaCl; (c)
specimens’ diving; (d) in oven

Once the curing process is finished, bringing them to the structure laboratory, using a
diamond band saw to cut, a notch is formed. later applying an epoxy membrane to all
specimens, except notches.

(a)

(b)
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(c)

(d)

Figure 11. Formation of notches ((a) and (b)) and impermeabilization ((c) and (d)).

3.3. Carbonator and reactor system
3.3.1. General description
A carbonator and reactor system are specifically designed for this experimental test,
they are a simulation condition as in a CO2 reservoir. It involves two-cylinder containers
are full of carbonated brine, those two containers are named as “Carbonator” and
“Reactor”. The dimension of reactor is design to fix nine specimens of 40 x 40 x 160
mm. and the dimension of carbonator is very similar to reactor, but its volume is quite
bigger, it must provide sufficiently carbonated brine liquid for certain time, for example,
one week or two weeks. They are used to fulfil conditions of exposure conditions, in
the following figure represents the sketch of this system:

Figure 12. Configuration of carbonator and reactor system
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Figure 13. Real aspects of carbonator (left) and reactor (right)

All nine specimens will be placed vertically in the reactor, and the carbonator is
prepared as a support to flow carbonated brine towards the reactor to keep the
concentration of calcium below the established limit.
Each container has a pressure gauge (in the sketch indicated as “pg”), a relief valve
(indicated as “rv”), and a sparger (indicated as “sp”) connected with CO2 gas bottle to
dissolve gas in the brine.
And the carbonator has a liquid level indicator, which is a transparent tube connected
with the upper and bottom caps, allows us to know the volume of carbonated brine had
circulated through to reactor, lately, at some point, it is necessary to refill the carbonated
to keep flowing.
Furthermore, the exposure in the reactor will be continually monitored by a pH and
temperature sensor and a pressure transducer. In addition, will install a temperature
sensor at outside of containers to monitor the room temperature. All these instruments
will be connected to a computer to generate a continuous record using a data acquisition
system (DAQ).
Moreover, to complete the experiment, need some ball valves (indicated as “bv” to
control the flow, a needle valve indicated as “nv” to regulate the flow and a pressure
regulator (indicated as “pr”) with its pressure gauge connected to CO2 gas bottle.
Finally, all the metallic elements in contact with carbonated brine are made of AISI 304
or AISI 316 stainless steel, and the connection tubes between CO2 gas bottle and two
containers are made of polyamide (PA)
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3.3.2. Data acquisition
The data acquisition system will be carried out at the Geotechnical Laboratory of the
Department of Civil and Environmental Engineering of UPC.
And it consists of serval elements as showing below:
1. pH and temperature sensor (reactor)
•

•

•
•
•
•

225mm digital electrode (InPro4260i / SG / 225)
⚫ Catalog number: 52 005 382
⚫ Temp range: 0 °C - 130 °C
⚫ PH range: 0 – 14
⚫ Measured pressure resistance: 0 - 15 bar at 25 °C
Fixed housing DN 25 (InFit761-25CIP / 70 3.1B)
⚫ Catalog number: 52 400 491
⚫ Pressure range: 0-16 bar
⚫ Temp range: 0-140 °C
Digital panel transmitter, 1 channel (M300 Process 1-channel 1/4 DIN)
⚫ Catalog number: 30 280 770
5 meter digital cable (AK9 / 5m)
⚫ Catalog number: 59902213
Weld-in socket DN25 inclined
Connected via M300 Multi-parameter transmitter with USB interface for
data logging

2. Pressure transducer
•

IPSAT-Intrinsically Safe Pressure Transducer -1/4"BSP
⚫ Accuracy <±0.25% FS BFSL with a signal conditioner Brodersen
controls PXT-10.924/RS.

3.3.3. Operation process
In this chapter, it is going to describe the operation process of the experiments, it
consists of four steps
Step 1: Pre-treatment
Days before the exposition, the room temperature of laboratory must be controlled, and
ensure that the temperature is acceptable, if not, correct it. Meanwhile, the volume of
carbonate brine must be prepared in advance and to make sure it is enough to fill both
containers, the reactor and carbonator.
•
•
•

Temperature: 22ºC approximate.
Pressure: 15 bar.
Composition of Carbonate brine:
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•
•

o Salt: each kg of H2O will apply 0.5 mols of Nacl (every 22.22 g of Nacl
equal to 500mmol.
o Carbonated species: each kg of H2O applies 493mmol of Carbon.
o Calcium: should be less than 0.1 mmol of Calcium per kg of H2O.
PH= approximately 3.
The flow circulate through the reactor is between two limits, the minimum flow
rate (𝑄𝑚𝑖𝑛 ) and the maximum flow rate (𝑄𝑚𝑎𝑥 ). The 𝑄𝑚𝑖𝑛 is calculated based
on the “calcium production” of a specimen estimated from numerical simulation
carried out with the acid attack model (Liaudat et al. 2018). The 𝑄𝑚𝑎𝑥 is to set
a limit of times to refill the carbonated.

Step 2: Initial of exposition
Setting 9 of those specimens into the empty reactor and starting the data acquisition
system, then filling reactor and carbonator will full carbonate brine, after that, injecting
CO2 to them. Finally, establishing the carbonated brine circulation.

Figure 14. A reactor filled with full carbonated and nine specimens.

Step 3: Exposition
Once the exposition started, it is necessary to make a periodic check, verifying the liquid
level is sufficient to continue the experiments, verifying the pressure is stable at all, and
verify the room temperature and pH level. Finally at certain period, some specimens
must be extracted as the planning said.
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Figure 15. A period control of pressure (left) and a period extraction of specimens (right)

Step 4: Ending
The experiments will end till the last specimen is taken out.

3.4. Three point bending test (TPB)
In engineering mechanics, flexure or bending characterizes the behaviour of a slender
structural element subject to an external load applied perpendicularly to a longitudinal
axis of the element.
Three point bending test or sometimes can call it as three-point flexural test provides
the modulus of elasticity in bending Ε𝑓 , flexural stress 𝜎𝑓 and flexural strain 𝜖𝑓
response of the material. This kind of test is performed on a tensile testing machine or
tensile tester with a three-point bend fixture. Furthermore, the loading geometry and
strain rate of specimen can vary a lot to the results.

Figure 16. Scheme of TPB, in this test a specimen with rectangular of flat cross-section is placed on two parallel
supporting pins. The loading force is applied in the middle by means loading pin.

In the following paragraphs will explain the calculation of each parameter mentioned
before:
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◼ Calculation of the modulus of elasticity 𝐸𝑓
𝐿3 𝑚
𝐸𝑓 =
4𝑏𝑑3
◼ Calculation of bending resistance R
1.5𝐹𝐿
𝑅=
𝑏𝑑2
Where:
𝐸𝑓 = 𝑓𝑙𝑒𝑥𝑢𝑟𝑎𝑙 𝑚𝑜𝑑𝑢𝑙𝑠 𝑜𝑓 𝑒𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦 (𝑀𝑃𝑎)
𝑅 = 𝑏𝑒𝑛𝑑𝑖𝑛𝑔 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝑀𝑃𝑎)
𝐹 = 𝑙𝑜𝑎𝑑 𝑎𝑡 𝑎 𝑔𝑖𝑣𝑒𝑛 𝑝𝑜𝑖𝑛𝑡 𝑜𝑛 𝑡ℎ𝑒 𝑙𝑜𝑎𝑑 𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑣𝑒 (𝑁)
𝐿 = 𝑆𝑢𝑝𝑝𝑜𝑟𝑡 𝑠𝑝𝑎𝑛 (𝑚𝑚)
𝑏 = 𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 𝑡𝑒𝑠𝑡 𝑏𝑒𝑎𝑚 (𝑚𝑚)
𝑑 = 𝑑𝑒𝑝𝑡ℎ 𝑜𝑟 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑡𝑒𝑠𝑡 𝑏𝑒𝑎𝑚
𝑚 = 𝑡ℎ𝑒 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑡𝑟𝑎𝑖𝑔ℎ𝑡 𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑜𝑎𝑑 𝑐𝑢𝑟𝑣𝑒 (

𝑁
)
𝑚𝑚

4. Results
This chapter is going to interpret the analysis of treated specimens, trying to understand
the behaviour of specimens under acid attack. Focusing on the strength of the material
by using the three-point bending machine. Looking forward to verifying if there is a
significant degradation of cement due to acid attack, and finally using an electronic
microscopy to verifying zones which were explained in chapter 3.

4.1. Conditions of exposure
Before discussing the results, it is necessary to check the evolution of exposure
conditions during the experimental test. As they were supposed before the pressure
must be around 15 bar and the pH must be approximately 3 to establish a simulation of
real cases. However, after the data acquisition, the pressure is relevant exact to what
planned, but the pH is not, it is around 4, which means the condition is not in such an
acid way, and it may alter the expected result.
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Figure 17. Evolution graphic of pressure and pH, (a) the first period of extraction of specimens, (b) the second
period of extraction of specimens, (c) the third period of extraction of specimens.

4.2. Strength test
Now, concentrating to the strength test, it was taken place in construction laboratory of
Polytechnic University of Catalonia (UPC), using the three-point bending machine to
crack specimens.

(a)

(b)

Figure 18. (a) A specimen is under TPB test. (b) TPB test data acquisition of a sample.

According to test planning, nine specimens are submerged in reactor will be tested, and
another nine specimens, which are not submerged in reactor, will be tested as well. The
proposal of submerged and unsubmerged was comparing the resistance of same treated
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specimens to know if the hardening period could affect the mechanic behaviour or not,
and.
Furthermore, the result of cracking forces of different specimens are quite similar (see
Figure 21), especially those unsubmerged specimens, their displacements are around
1.15 mm, and the cracking forces are around 0.7 KN. However, submerged specimens
behave a bit different, specimens in 30 days, the peak force could reach 0.8 KN with a
displacement of 1.39 mm, then specimens in 60 days, the cracking force reaches even
high than before, at 0.85 KN with a displacement of 1.15, finally, specimens in 90 days,
the cracking force decease to the initial force, around to 0.7KN with a displacement of
1.35 mm (Figure21).
Those result are quite unexpected, because submerged specimens should resist less
forces than unsubmerged specimens due the effect of acid attack, but the results show
very different.
In the follow figures are showing the results of different period specimens:
30 days unsubmerged specimens

30 days submerged specimens
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60 days unsubmerged specimens

60 days submerged specimens
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Figure 19. TPB test results: (a) submerged specimens in 30 days;(b) unsubmerged specimens in 60 days; (c)
submerged specimens in 60 days; (d) unsubmerged specimens in 60 days;(e) submerged specimens in 90 days;(f)
unsubmerged specimens in 90 days.

Discussion
Once all the specimens are tested by TPB, all necessary data is found, through the
formulation, it is clearly to find all the necessary parameters, through all the parameters,
checking the bending resistance and modulus of elasticity could be more relevant to
understand.
On one hand, based on required data, all submerged specimens present higher bending
resistance than unsubmerged specimens. Basically, 90 percent of submerged specimens
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has a bending resistance higher than 3.5 MPa, meanwhile, those unsubmerged has a
bending resistance lower than 3.5 MPa but not far than 3 MPa (Figure 22).
On the other hand, Modulus of elasticity (E) happens the same as bending resistance,
but not in such regularity. Each period specimens behave different, like for 30 days, the
E is around 1200MPa and for 60 and 90 days, some specimen has much higher E. But
the common things are that all unsubmerged specimens have higher Modulus of
elasticity than submerged ones (Figure 23).
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4.5
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Figure 20. Graphic of bending resistance of unsubmerged and submerged specimens
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Figure 21. Graphic of Modulus of elasticity of unsubmerged and submerged specimens. Note: spec. = specimen

Seeing the results of modulus of elasticities of submerged and unsubmerged are very
close, they don’t split far way. And this is what indicated in chapter 2.3.2, it mentioned
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thorough nanoindentation to describe degradation zones (Mason et al. (2013)). Those
results from unsubmerged specimens act like original properties, and those results from
submerged specimens are not much different from the origin. So, this probably can
define the degradation of HCP is still in the unaltered zone.

4.3. Microscopy revision
In the previous chapter, they were talking about the three point bending test, and the
results was not supposed to be like what supposed to be, so it is considered that those
submerged specimens may still be in unaltered zone or even in carbonated zone, cause
specimens are not fully penetrated, the decalcification of HCP is not finished yet, and
the precipitation of Calcite makes the specimens behave more resistant and by human
eyes are not good enough to verify propagation of CO2.
Under the doubt, it is decided to check the crystallization of specimen with electronic
microscopy (in the laboratory of University of Barcelona (UB)) to verify the proportion
of each component, Such as Calcium and Silicon. Knowing the propagation of acid
attack is radial (see Figure 24).

Figure 22. Scheme of propagation of CO2

So, it’s necessary to split submerged specimens up to see the propagation inside of
specimens. Taking a specimen for each period, and cut them into pieces like the pictures
below:

Figure 23. Scheme of tested pieces for electronic microscopy
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(1.1)

(2.1)

(3.1)

(1.2)

(2.2)

(3.2)

Figure 24. Unsubmerged specimens after cutting, (1.1) and (1.2) specimens in 30 days, (2.1) and (2.2) specimens in
60 days, (3.1) and (3.2) specimens 90 days.

Looking at 3 pieces of specimens (see Figure 27), especially on the notch, there is a
very thin and porous line in each piece and very similar to each other. The only
difference between them is the colour, the degraded zone of 30 days is much white than
one of 60 days, and the degraded zone of 90 days is a brown, porous, and rough line
quite different from the others.
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Figure 25. Tested pieces of unsubmerged for electronic microscopy. (a) front view;(b) lateral view

Setting them under microscopy, then choosing different zones to make a comparation,
for example, specimen in 30 days, it is zoomed in four zones, three of them are close to
notch, where acid supposed to enter, and one of them are far away from notch, we call
it as reference zone, just for a comparation to other zones. So, each piece has different
zones, but not all has the same number of zones, it depends on the geometry of specimen,
so there are showing in the following table:
Specimen
30 days
60 days
90 days

Nªof Zones
4
7
6

Table 1. resume of number of zones

The result of content of Calcium of reference point zone of 3 specimens are almost
exact (Ca is around 26%) and for Silicon is very similar, but for speciment 31 has an
increse of 2.5% of Silicon rescpet to others two, this reason probably is due to the
chemical formaition in curing time.
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Reference point
30.00

% Atom

25.00
20.00
15.00
10.00
5.00
0.00

31

62

93

Ca-K

26.46

26.23

26.57

Si-K

9.10

6.27

6.98

Figure 26. Graphic of Ca and Si of unsubmerged specimens, 31: 30 days; 62 (60 days), 93 (90 days)

Based on the reference point zone, it can be compared the result of every assigned zone
to understand and to verify propagation of acid attack.
Its highly noteworthy to say each zone has an amount of testing point, as showing below:
Specimen in 30 days:

Figure 27. Chosen zone of a specimen in 30 days

Seeing the picture, there are three zones, where are supposed to zoom in, now focusing
on each zone to find the percentage of Calcium and Silicon (Ca;Si) by using microscopy:
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(13.08;8.2)
(20.93;6)

(13.1;8.46)

(6.33;17.08)
(17.05;5.93)
(20.25;7.41)

(21.5;3.65)

(1)

(17.59;7.51)

(2)

(24.66;7.27)

(24.14;8.46)

(24.65;6.73)
(23.45;8.62)

(3)
Figure 28. Microscopy view of a specimen in 30 days. (1) zone 1; (2) zone 2;(3) zone 3

Then making a comparation graphic of each chemic components with reference zone
(zone 4), showing below:

EXPERIMENTAL STUDY OF CEMENT DEGRADATION
UNDER ACID ATTACK
Guangxiang Fan

Calcium

Silicon

30.00

18.00
16.00

25.00

14.00
12.00

% Atom

% Atom

20.00
15.00
10.00

8.00
6.00

4.00

5.00
0.00

10.00

2.00
Zone 1

Zone 2

REF

26.46

26.46

P1

13.1

13.08

0.00

Zone 3

Zone 1

Zone 2

Zone 3

26.46

REF

9.10

9.10

9.10

23.45

P1

8.46

8.2

8.62

P2

6.33

21.5

24.14

P2

17.08

3.65

8.46

P3

20.25

17.59

24.65

P3

7.41

7.51

6.73

P4

20.93

24.66

P4

6

7.27

P5

17.05

p5

5.93

(a)

(b)

Figure 29. Atom comparation of a specimen in 30 days. (a) Calcium;(b) Silicon

As the graphic show, the percentage of Calcium atom of 30 days specimen is going
down when the zone is closer to the notch, and the silicon behave quite different the
average is very similar at 4 zones, except, point 3 of zone 1, the percentage reach at
17 %, probably at that point the distribution of chemic atom is not well.
Specimen in 60 days:

5
3
2

1 4

Figure 30. Chosen zone of a specimen in 60 days
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In this specimen, it is chosen with 5 zones to zoom in, because there are some interesting
zones like cracking line or dot. And at zone 5 it has been zoomed in twice but in
different direction.
(12.84;4.32)

(15.5;5.32)

(23.62; N/D)
(17.05;5.09)
(23.42;5.49)

(12.62;4.28)

(17.25;5.22)

(1)

(20.06;10.03)

(23.76;6.79)

(2)

(6.27;12.17)

(9.44;4.29)
(5.27;3.59)
(4.94;3.81)

(1.81;16.54)
(2.5;2.5)

(9.4;4.18)

(4.42;4.72)

(3)
(5.95;7.45)

(4)
(6.62;6.91)
(3.31;6.27)

(8.06;5.12)

(4.05;10.63)

(3.96;8.52)
(20.36;5.2)
(15.31;8.5)

(5)

(6)

Figure 31. Microscopy view of a specimen in 30 days. (1) zone 1; (2) zone 2;(3) zone 3;(4) zone 4;(5) zone 5; (6)
zone 5-bis

And again, take those point comparing to reference zone, showing below:
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Figure 32.Atom comparation of a specimen in 60 days. (a) Calcium;(b) Silicon

Specimen in 90 days:

Figure 33. Microscopy view of a specimen in 90 days

In the last specimen, it has been chosen 5 zones to zoom in, concentrating on zones,
where has a dark precipitation.
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Figure 34. Microscopy view of a specimen in 30 days. (1) zone 1; (2) zone 2;(3) zone 3;(4) zone 4;(5) zone 6

Then again, a comparation graphic is showing below:
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Figure 35.Atom comparation of a specimen in 90 days. (a) Calcium;(b) Silicon

In this revision, the calcium atom of the reference point zone (REF) of three tested
specimens are identical the same, then having checked a lot of testing point in different
zones, they are quite irregular, some of them are higher than (REF), some of them are
lower than (REF), but there is not too much difference respect the whole percentage,
furthermore, no point represents with no calcium, so, it is likely to get a conclusion , as
the penetration of carbonated brine is not fully finished (it is still in process), and the
behaviour of submerged specimens has higher cracking force, it can be defined that the
specimens are still in unaltered zone, even is due to the precipitation of calcite
(carbonated zone), and the test period is not enough longer to arrive amorphous zone.
Then taking this reference point zone and comparing to the model that had done by
Martinez, A. (2019). Even the pH and temperature condition are not the same as the
experimental test, but in volumetric fraction result of that model (Figure 36) shows that
the Portlandite has 20% weight in stage I, then it goes down in middle way of stage II,
and reach 0% in stage III. However, the calcite has 0% weight in stage I, then it goes
up in middle way of stage II and reach a peak value (26%) at stage III, after that, it
suddenly goes to 0%. This information represents an unstable percentage of calcium in
stage II due to the dissolution of the Portlandite and quick precipitation of calcite. Then
finally the peak percentage of calcium should be higher than before as from 20% to
26%. In experimental test, by different experiment condition, the result may be not the
same, but there is no such unstable zone in any reference point zone, only in notch zone,
where has been attacked, and some of them has reach stage III or IV.

8.04
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Figure 36 volumetric fraction and effective diffusivity of total carbon for test A (pH 2.4 and 50ºC), Martinez, A.
(2019).
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5. Conclusions and Future research
After completing the experimental test, finding that the resistance of submerged
specimens is higher than those unsubmerged ones, this result is highly different from
what supposed to be, but after certain circumstances, consideration that the exposure
condition was not the same as what had planned, the pressure must be 15 bar and pH
must be 3 rather than 4, due to this effect, the exposure condition is not too acidic, so it
may reduce acid attack forces and delay the propagation of acid attack, regarding to this
doubt, it is going to examine the sample chemistry crystallization of atoms to see how
they developed, so, hiring an electronic microscopy test to verify the propagation of
acid attack, As the theory says the process of degradation is divided into 4 zones, and
two of them (unaltered zone and carbonated zone) exhibit a good resistance.
With the help of electronic microscopy, finding that the calcium atom remains high
(26%), and there is almost no porous zone under zooming in, then comparing this
experiment result with the result of the Martinez A. (2019) model, that can surely
conclude that the HCP is still in unaltered zone, except notch zone, where has direct
contact to acid attack, by checking the reference point zone (a zone is far away from
notch), all three-period specimens have the same value and this aspect lead us to
understand the propagation of acid attack is not fully penetrated yet during 3 months,
and the porous zones only have 1 mm approximation (the whole length is 400m,
procedure 0.001%). So, the experimental test period is not long enough to fulfill the
degradation of HCP, after spending 3 months testing, the penetration of CO2 did not
move along the HCP, it is still obstructed in stage I. In this way, this result proves that
the propagation of acid attack or the degradation of HCP is extremely slow and need to
spend more time testing to understand better.
So, in the future experiment, what must improve is:
•
•
•
•

Repeat this test ensuring the pH condition is very closed to 3.
Longer the exposure time of experiments.
Do more tests to decrease the experimental dispersion.
Establish a mechanic and chemic coupled condition, which means fracturing the
experiment at the same time when it is under acid attack, because in this test,
the acid attack and fracture test were not done simultaneously.
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