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This comprehensive study aims to examine the optimal replacement level of
supplementary cementitious materials (SCMs) in order to enhance the
durability of concrete disposal systems. Cementitious materials, such as
concrete, are commonly used in engineered barrier systems for the containment
of low- and intermediate-level radioactive waste. The long-term effectiveness
of these cement-based disposal systems plays a crucial role in ensuring the
containment and isolation of radioactive waste. In this study, the use of SCMs,
specifically silica fume (SF), is investigated as a partial substitute for ordinary
Portland cement (OPC) to improve the strength and durability of concrete
systems in Korea as a case study. SF is known for its ability to enhance concrete

properties through chemical reactions that generate calcium silicate hydrates
(CSH) and modify the microstructure. However, there is a lack of studies
specifically examining the long-term performance of SF-blended cementitious
materials in disposal systems. To address this gap, the study employs reactive
transport models to assess alterations in cement and mineralogical changes
over time and space.

radioactive waste
repository, long-term
durability, silica fume

replacement

1. Introduction

In many countries, cementitious materials, such as concrete and mortar, are predominantly utilized as
engineered barriers or backfill materials in repositories for low- and intermediate-level radioactive waste (LILW)
[1-4]. These materials are selected for their ability to minimize the mobility of radionuclides from the waste
package into the surrounding environment, thus offering a protective barrier [5]. Utilizing these materials provides
several advantages, including cost efficiency, radiation protection, a high surface area for the sorption of
radionuclides [6], and an alkaline environment that prevents the corrosion of waste containers and facilitates the
passivation of reinforcing steel bars [7]. As cement-based barriers degrade over time due to water penetration, the
migration of radionuclides may be affected. Therefore, assessing the long-term evolution of cementitious materials
is crucial for predicting concrete structure lifetime and ensuring the reliability of radioactive waste repositories.

The assessments of cement-based disposal systems have been the subject of research over many years and
through laboratory experiments [8—10]. It is not clear to simulate such a long timescale through laboratory
experiments. Also, the degradation of the materials needs to be predicted as accurately as possible from the spatial-
temporal view. Many countries have evaluated their disposal system for long-term degradation behavior using

various geochemical codes [11-14]. One of the geochemical simulation approaches, reactive transport models are
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utilized as the timescales of concern on the order of hundreds to thousands of years. Several studies have improved
reactive transport simulations and models by integrating and combining functions and mechanisms [15—-17]. While
some previous studies have focused on specific components of the concrete disposal system, such as the
cementitious backfill [18], less attention has been given to modeling the entire disposal components, including
upper slabs, backfill mortar, and lower slabs using reactive-transport approaches. Since the disposal system
comprises various cementitious materials ranging from high-quality concrete slabs to backfill cement, it is highly
desirable to evaluate all components together, considering the difference in the chemical degradation behavior
among each component.

In the LILW disposal repository located in Gyeongju, South Korea, the typical concrete mixture incorporates
the use of supplementary cementitious materials (SCMs) as a partial substitute for ordinary Portland cement (OPC)
[13]. The use of SCMs such as fly ash (FA), blast-furnace slag (BFS), and silica fume (SF) helps reduce carbon
dioxide emissions from OPC concrete fabrication in a cost-effective and environmentally friendly manner [19,20].
These materials, mostly byproducts of industrial processes, are essential in making the disposal repository
economically viable and sustainable. Hence, the selection of appropriate concrete mixtures is critical. While
previous studies have actively focused on the mechanical or durability aspects of SCMs in blended systems [21],
experimental studies on the long-term chemical degradation of such systems have been limited to periods from
months to years, which is not suitable for radioactive waste disposal [22]. To minimize the environmental impact
and enhance the long-term durability of cementitious materials, the development of optimized cement is
indispensable, and the study on the long-term performance of such materials is required.

The substitution of SCMs affects the amount and sort of hydrates composed in cementitious systems, leading
to changes in porosity and system durability. SF, in particular, is considered the most promising SCM for
enhancing strength and durability. Numerous studies have demonstrated that using SCMs significantly improves
the mechanical properties and durability of concrete [23-25]. However, to the best of the authors’ knowledge,
no studies have explored the enhancement of LILW disposal system performance using SCMs-blended
cementitious materials. Therefore, it is crucial to evaluate the long-term performance of SCMs concrete
concerning mineralogical evolutions over time and space.

In this study, a reactive transport model is presented to investigate the effect of SCMs replacement on cement
alteration occurring at the LILW repository in Korea. The modeling considers various SCMs replacements of OPC
in the blended concrete disposal system. This approach aims to determine the optimum replacement level by

analyzing the repository performance and cement alteration concerning porosity and volume changes.

2. Model setup for numerical analysis

2.1. Conceptual model development
2.1.1. Geometry and numerical simulator
The reference concept of the repository is based on a near-surface disposal vault in Korea. The vault used to

dispose of low-level radioactive waste is a cement-based structure, that consists of top slab, backfill, and bottom

2



slab. The model domain is formed by four geochemical domains, such as top slab concrete, backfill mortar and
bottom slab concrete, and radioactive waste in Fig. 1. The aggregate volume fraction and radioactive waste are
considered chemically inert. The geometry of the model was represented using a grid with 2,790 elements. Von

Neumann’s stability conditions for a time step size were satisfied.
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Fig. 1 - Concept of the 2-dimensional concrete disposal system used in the simulations

The model softwares, COMSOL and PHREEQC, are employed to simulate the reactive transport. Due to the
capability for variable coupling between the two simulation tools, a numerical interface, iCP (interface COMSOL
- PHREEQC) [26,27] is presented. To assess the balance between dissolution-precipitation from
leaching/decalcification and the physical processes, the reactive transport model has undoubtedly been developed
as an essential tool. Despite the need for precise management of the time step to reduce operator-splitting errors,
the use of iCP does not present significant global convergence issues. To couple COMSOL to PHREEQC, an
operator-splitting approach is employed where each variable is assessed in COMSOL prior to the chemical step,

while the calculation for the coupling from PHREEQC to COMSOL is delayed timely.

After solving the hydraulic equations in COMSOL, the information on saturation was provided to PHREEQC
through a coupling interface code, iCP, and the chemical reaction in PHREEQC based on the mass conservation
was solved. Basically, the updated mass information was converted to permeability and porosity and then supplied
to the COMSOL in order to calculate the fluid flow. The constructed model simulates the following sequential

steps, as steps from 1) to 4) in Fig. 2. The processes from step 1) to step 4) were repeated until the time in the



simulation reached 10,000 years.

Dy
) Physics step )
Mineral volume, Water mass Updated mineral volume, Water mass
fraction, Liquid density @u fraction, Liquid density
e Chemistry step ® —
P e —
Water flow. Solute transport water mass @ repeat water mass Mineral reactions
\_ end )

Fig. 2 - The coupling workflow of iCP showed from PHREEQC to COMSOL

2.1.2. Governing equations
Basically, the solute transport process includes advection, diffusion, and dispersion. There are as many transport

equations as primary chemical species in the system. The water mass balance is given as follows:

a(pSiprw)’
2ol g - (piquit) + 7 - (Dip Vo) + fur ®

where ¢ is the porosity (m%m?®), S; is the liquid saturation (m®m®), p, is the liquid density (kg/m®), w}’ isthe
water mass fraction in the liquid (kgw/kg), q is the volumetric flow of liquid (m®m?s), D, is the diffusion tensor
(m?/s), and f,,, is an external source of water (kgw/m?3s). Since the diffusion is the major factor that affects the

life of concrete structures, we can assume the isothermality of the process by taking the diffusion into account.

a *
(aOZC) ==V -(pqcy) + V- @D Vcy) + fertCoq + wTeq @

where w = ¢S;p,w]’, P = pyw;’ are used for notation convenience, ¢ is the concentration vector of all species
(mol/kgw), ¢, Iis the concentration vector of aqueous species (mol/kgw), c, is the concentration vector of the
aqueous species in an external boundary water (mol/kgw), 7., is the reactive rate vector related to equilibrium

reactions (mol/kgws).

To obtain a modified mass balance equation, it multiplies Eq. (1) by ¢ and then it is substracted from Eq. (2).

o _

w =
at

Lca + fextca + a)req + WY kin (3)
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where L is a linear operator accounting for diffusion.

L() = —po @V () + V- (Dipwf' V() = (W - DV @} ~ fore () (4)

The change of porosity is induced by the dissolution and formation of mineral phases as follows:
¢t+1 =1- ¢inert fraction _wt+1 ?:1 Vn,icrtljl (5)

where @inert fraction 18 the volume fraction of chemically inert phases, n is the total number of the mineral
species, and V,,; and cfl;l are the molar volume (m*/mol) and the molarity (mol’kgw) of the nth mineral

species.

2.2. Initial and boundary conditions

The primary leachate, resembling typical rainwater, dissolves the concrete structure and degrades the disposal
system. The rainwater’s composition used in this study matches that of rainfall in Gyeongju city, as shown in
Table 1. The calculation utilized monthly mean rainfall data from the Ulsan Observatory for the period from 1985

to 2014 [28].

Table 1. Chemical properties of rainwater ¥

Rainwater

pH 4.2 Si0, (mg/L) 0.3

Eh (mV) 574.2 Na (mg/L) 34
Temp. (°C) 20 K (mg/L) 0.2
DO (mg/L) 9.8 Mg (mg/L) 0.6
Alkalinity as HCOs; (mg/L) Not detected Al (mg/L) 0.0313
SO (mg/L) 12.7 CI (mg/L) 6.5

Ca (mg/L) 0.9 NO3 (mg/L) 1.7

+ The data were provided from the Korea Radioactive Waste Agency

In this reactive transport modeling, the diffusion coefficient was linked to the porosity of materials using
Archie’s law. Specifically, the diffusion coefficient of pore water (D)) is related to the porosity () through
Archie’s law formula: D, = 6nD,. Here, 6 represents the porosity, n is the Archie’s exponent (n = 2 in this
study) and D, is the initial effective diffusion coefficient (m?%/s). The value of n varies depending on the rock
type, typically falling within the range between 1.5 and 2.5 in cement pastes and mortars [29]. To account for
spatial heterogeneities, a species-independent effective diffusion coefficient D, for all aqueous species is

established to calculate solute transport and water flow, considering the information provided in Table 2.

Table 2. Input data for water flow and solute transport used in the simulation.

Parameter Description Units Upper & Bottom Backfill
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(0] Porosity 0.1 0.185
D, Eftective diffusion coefficient m?/s le-11 le-11

o van Genuchten parameter 3.87e-3 3.87e-3
n van Genuchten parameter 1.29 1.29

1 van Genuchten parameter 0.5 0.5

N 0 Precipitation kg/m?s - -

2.3. Input data

The chemical calculations for both the coupling calculations and the preliminary PHREEQC batch calculations
were performed using the thermodynamic database ThermoChimie v9b [30]. ThemoChimie was chosen because
it is specifically designed for assessing the performance of radioactive waste disposal, making it the most suitable
database for this study. The scope of this work encompasses nanocrystalline and crystalline CSH phases as well
as various cementitious minerals like ettringite or katoite, which were included due to convergence issues in the
coupling calculations. The selection of secondary minerals that can precipitate in the model was based on
preliminary PHREEQC batch models. In the preliminary batch model for cement hydration, the same
thermodynamic database was used to calculate the initial porewater composition and initial hydrates via
PHREEQC equilibrium modeling. Subsequently, this thermodynamic database was applied in the iCP reactive
transport simulations. To determine the concrete porewater composition, equilibrium calculations were performed

with the cementitious minerals listed in Table 3 and a specified concentration of alkalis (Na,O and K,O).

Table 3 Cementitious minerals utilized in this modeling

Mineral Mineral

C3FH6 Hemicarboaluminate (C4Ac0.5H12)
C3AH6 Monocarboaluminate (C4AcH11)
CSH1.6 (C1.6S3.6H2.58) Calcite (Cc)

CSH1.2 (C1.2S3.2H2.06) Stritlingite (C2ASHS)

CSHO0.8 (C0.8S2.8H1.54) Portlandite (CH)

Ettringite (C6As3H32) Monosulfate-Fe (C4FsH12)
Hydrotalcite (M4AH10) K,0

Gibbsite (FeOOH) Na,O

Cement shorthand notation is used as follows: A = Al,O3, C = Ca0, S = SiO,, H = H,0, F = Fe;03, M = MgO, K
= KzO, Na = Nazo, c= COz, S= SO3.

This study focused on a reference concrete known as FA blend concrete, comprising 506 g of OPC, 248 g of
water, 127 g of FA, and 2,986 g of aggregates (gravel and sand). The water-binder ratio is 0.40, and the
replacement level of OPC by FA is 20% [13]. To investigate the influence of SF on concrete properties across a
wide range of mix compositions. The replacement level of SF varied from 5% to 30% of the total cementitious

materials, as presented in Table 4.

Table 4 The chemical compositions of OPC, FA and SF

OPC FA SF



Chemical composition (wt%)

Ca0 63.9 3.9 0.8
Sio, 20.2 62.2 95.5
ALO; 4.9 18.5 0.4
Fe,04 3.2 6.3 0.8
MgO 1.8 2.0 0.8
K,O 0.78 3.8 1
Na,O 0.42 0.5 0.3
co, 0.26 - -
SO, 2.29 - -

3. Results and Discussion

3.1. Reactive transport modeling

In this modeling study, the volume change of each mineral was calculated within a unit volume (1 m?). The
volume change of a cementitious mineral represents the relative volume ratio of each mineral to the total mineral
volume. Specifically, as the reaction progresses, it is calculated as a ratio to the initial mineral volume. The two
main minerals present in concrete and cement materials are portlandite and CSH phases, as illustrated in Fig. 3.
As the reaction with rainwater advances, it becomes evident that minerals gradually dissolve, starting from the
top of the entire area and proceeding over time, since rainwater penetration initiates from the top. The presence
of a high alkali environment leads to a decrease in alkali ion concentration due to its reaction with rainwater,
which has a pH of 4.5.

Initially, portlandite and CSH1.6 phase dominate, and the dissolution process primarily affects the high soluble
portlandite. After 530 years, complete depletion of portlandite occurs, making the completion of stage 2 in the
typical degradation stage of cement [31]. Calcium leaching, which is a degradation process, is mainly influenced
by the dissolution of portlandite in concrete and the chemistry of the infiltrating water due to the migration of the
Ca ions. Once the portlandite is depleted, the geochemical condition in the system is determined by the dissolution
of the CSH1.6 phase. Additionally, as the Ca/Si ratio decreases due to concrete leaching, a new CSH mineral,
CSHI1.2 phase, is formed. Therefore, cementitious minerals can undergo sequential dissolution and precipitation.
CSHI1.2 phase, with a lower calcium/silica ratio resulting from the dissolution of CSH1.6, begins to precipitate
after 300 years. CSH minerals have the advantage of providing a sorption site for radionuclides due to their large
surface area. However, when calcium leaching occurs, it leads to volume reduction and increased porosity of the
structure, creating an environment unfavorable for radionuclide sorption.

After CSH1.2 dissolves, CSHO0.8 starts to precipitate at around 1,500 years and depletes completely after 7,000
years. Generally, the depletion of CSHO.8 is considered the point of significant chemical degradation [31].
Consequently, it can be estimated that the duration of the disposal system is approximately 7,000 years, although
additional safety evaluations are necessary concerning the transport of radionuclides in the waste drum. In the
backfill area, calcium leaching initially occurs from the vertical direction of the center of the model and

subsequently extends gradually on both sides, leading to cement mineralogical evolution.
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Fig. 3 - Spatial and temporal volume fraction changes of major cementitious phases (CSH1.6, CSH1.2, CSHO0.8,

and portlandite)

Fig. 4 illustrates the evolution of cement mineral volume at a depth of 0.8 m from the top of the backfill area
as the reaction between the infiltrating water and the cement gradually progresses from the outside. It is well-
established that specific minerals reach equilibrium with the pore solution during each stage of chemical
degradation. The red dot lines in the graph indicate the termination points of stage II and stage III in the concrete,
signifying the complete depletion of portlandite and CSH (calcium silicate hydrate), respectively. During stage 11
of the concrete system, the geochemical conditions were primarily influenced by the presence of portlandite,
which continued to dissolve. Despite this ongoing dissolution, the pH of the pore solution remained relatively
stable at approximately 12.5. This stability is attributed to the buffer capacity offered by portlandite. Over a period
of 120 years, the volume of the cement paste was reduced from about 0.38 to 0.35. This reduction in volume leads
to an increase in the porosity of the disposal system, facilitating the transport of radionuclides.

After the complete dissolution of portlandite, the pH of 12.5 experiences a slight decrease to 12.4. Subsequently,
as the dissolution of hemicarboaluminate and monocarboaluminate commences, the constant pH value gradually
declines. Stage III continues when all CSH minerals are dissolved, causing the pH decreases from 10.9 to 9.4,
which is in line with the findings of Olmeda [32]. The disposal system maintains a pH of 10 or higher for an
extended period in an alkaline environment. This prevents the formation of a porous oxide layer on the surface of

the radioactive waste steel drum, effectively mitigating drum corrosion.
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3.2. Initial hydrate composition with the replacement level of OPC by SF

As depicted in Fig. 5, the quantity of CSH increased with the growth of the replacement level. Furthermore, the
presence of portlandite notably decreased as a higher proportion of OPC was substituted with SF. The increase in
CSH content and decrease in portlandite can be attributed to the precipitation of additional CSH through the
pozzolanic reaction [19,33]. However, at the replacement level of 21%, the increase in CSH1.6 ceased, and a new
CSH1.2 with a lower Ca/Si ratio was formed. This occurrence resulted the oversupply of silica from SF, once
portlandite was fully depleted. CSH1.6, being a mineral with high surface area and high durability, appears to be
more advantageous from a long-term safety perspective. In addition, the formation of more CSH minerals in the
initial hydrate in the disposal system is expected to enhance long-term degradation resistance. As a result, the
increased formation of CSH in SF blended concrete influences the duration of stages II and III, ultimately

extending the duration of stage III.
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Fig. 5 - Changes in cementitious mineral phases in hydrated concrete as a function of the replacement level of
OPC by SF

3.3. The effects of SF on the degradation of concrete disposal system
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Fig. 6 displays the duration of CSH1.2 mineral at a depth of 5.6 m in the disposal vault, considering various
replacement levels of OPC by FA and SF ranging from 5% to 30%. Across all systems, the duration generally
increased with increasing depth increased from the upper layers. However, when SF was added in the range of 5%
to 30%, the duration of the CSH1.2 phase was approximately twice as long as that of the FA system. The duration
progressively increased from SFO5 to SF20, but after SF25, it started to gradually decrease. This finding is closely
related to the result shown in Fig. 5. The quantity of initially formed CSH mineral has a significant impact on the
overall system duration, potentially leading to an accelerated degradation in later stages. The maximum value of
CSH mineral formation is observed at SF20 in Fig. 5, and interestingly, the system that lasts the longest is also
SF20. Conversely, SF30, in which CSH1.2 phase is present in the initial hydrate, appears to have degraded earlier
than other SF systems. From Fig. 6, it can be observed that FA20 is depleted in about 1,500 years, whereas SF30
lasts until 2,700 years. Therefore, the SF-blended system is considered to be more resistant to chemical

degradation than the FA system.
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Fig. 6 - Duration of CSH1.2 with the replacement level of OPC by FA and SF at a depth of 5.6 m

Fig.7 illustrates the changes in mineral volume fraction for both (a) FA20, (b) SF20 and (c) BFS20, focusing
on the impact of SF on chemical degradation and its effects on volume modifications and porewater pH due to
mineral dissolution or precipitation. In the case of FA20 (Fig. 7(a)), complete dissolution of portlandite and the
CSH phases occurs due to Ca leaching, leading to a gradual decrease in the cement porewater pH (blue line in Fig.
7(a)). The dissolution of portlandite and CSHI1.6 triggers the precipitation of CSHI1.2, strdtlingite, and
monosulfate-Fe, as predicted by the equilibrium calculations with PHREEQC. The rapid reactivity of portlandite
causes the dissolution of hemicarboaluminate as soon as the pH decreases. Specifically, portlandite is entirely
dissolved after a reaction time of only 189 years, while CSH1.6 decalcification leads to the replacement of CSH1.2
as predicted in other studies, and its full dissolution occurs after 430 years. Subsequently, after 7,746 years,
CSHO.8 is also completely dissolved.

On the other hand, Fig. 7(b) presents the findings for SF20, indicating that the mineralogical composition of
both FA20 and SF20 remains nearly identical throughout the degradation process. However, there is no significant
volume decrease is observed in SF20, compared to the FA20. Notably, a significant volume decrease is observed
in FA20, primarily attributed to the sharp dissolution of CSH. In contrast, SF20 exhibits an initially formed

hydrates with a relatively smaller volume of portlandite and a larger amount of CSH1.6 compared to the volume
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of FA20 at the same time due to the high pozzolanic nature of SF. Consequently, there is an early complete loss
of portlandite, but CSH1.6 persists longer than in FA20. As the simulation continues, the dissolution of CSH0.8
at the FA20 is driven by a sharp decrease in the cement porewater pH from 10.9 to 9.4. In contrast, the cement

porewater pH of SF20 remains above 10.9, even at the same time as FA20.
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Fig. 8(a) presents the changes in total mineral volume for FA20 and SF05 to SF20, offering a comparison of
system volume variations across these different blends. To accurately compare the extent of volume reduction
between the systems, the reduction in the initial volume (Vo) is considered as a ratio, as the initial amount of
formed minerals slightly varied between the systems. FA20 shows a relatively higher anticipated volume variation,
experiencing the maximum volume decrease of 55%. In contrast, incorporating SF into the concrete mixture
results in a smaller reduction in volume compared to the mixture containing only FA20, with FA20 exhibiting the
most significant decrease in volume. The data in Fig. 8(a) indicate that the volume reduction ratio decreases
significantly as the replacement level of SF increases, suggesting that higher levels of SF replacement result in a
reduced overall volume reduction. Therefore, SF20 is expected to be the most resistant to chemical degradation
among the different systems. Fig. 8(b) indicates the result of calculating the porosity over time. Comparing the
time at which the porosity 30 % is assumed to lose mechanical stability, SF20 showed almost twice as durable
properties as FA20. It can be said that the chemical resistance is the highest for silica fume concrete in comparison
to BFS and FA. To improve the model's applicability, future research should consider investigation of the
mechanical damage. Integrating mechanical simulations into the model could provide a more comprehensive
understanding of the system's behavior.

Despite discussing the effects through comparisons with SF and FA in terms of long-term safety, the impact of
BFS, a representative supplementary cementitious material, cannot be ignored considering the high price of SF. A
balanced approach may be necessary to consider both the compatibility of the high price and durability associated
with SF. BFS contains more CaO content than FA and offers an economic advantage over SF. Consequently, co-
blending SF and BFS emerge as a promising option for concrete improvement. Furthermore, exploring the use of

rice husk ash (RHA) as a potential additive holds promise, especially for rice-producing countries like Korea.
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4. Conclusions

This study presents a highly successful reactive transport model for cement alteration in the LILW repository
in Korea, providing crucial insights into the evolution of cement materials. Our model encompasses upper slabs,
backfill mortar, and lower slabs, offering a comprehensive understanding of cement material behavior. In addition,
by comparing to each degradation states related to the overall mineralogy evolution, the model reveals the effect
of SCMs replacement on the degradation of concrete disposal system.

Notably, this study demonstrated that replacing cement with SF results in superior long-term chemical
durability when comparing it to FA or BFS due to the higher pozzolanic reaction and the limited CaO content in
FA. Using supplementary cementitious materials (SCMs) that have higher calcium content could be a suitable
approach to address this limitation. The gradual substitution of OPC with SF leads to a continuous enhancement
in the durability of concretes. The study also identified the optimum replacement percentage of SF to be 20% for
maximum enhanced durability. However, exceeding this threshold does not lead to significant performance gains.
The formation of larger CSH with a high Ca/Si ratio in SF concrete contributes to enhanced resistance against
chemical degradation and volume reduction, which is of paramount importance for the chemical stability of
disposal system.

Further, the study highlights the role of mineral volume changes arising from cementitious mineral dissolution
or precipitation, thereby impacting a porosity linked with the transport of radionuclides and mechanical stability.
SF20 showed almost twice the durability of FA20 in terms of mechanical instability at 30% porosity and exhibited
the highest chemical resistance compared to BFS20 and FA20. By accounting for the porosity change, one can
better understand how the concrete disposal system may evolve over time, ensuring its long-term stability.

Given the capacity of the reliable reactive transport model, it can be utilized in the safety assessment of
radioactive waste repository and the development of coupled chemo-mechanical modeling with more robustness.
Finally, replacing the existing FA system with SF system can achieve substantially reduced carbon emissions and

improve the chemical concrete durability of Korea's LILW repository.
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